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I ABSTRACT

A comprehensive computer program BOSORh for the stress, stability, and

vibration analyses of segmented, ring-stiffened, branched shells of revolution3 is presented. The program includes nonlinear prestress effects and is very
general with rPe•pect to geometry of meridian, shell wall desig, edge condi-
tions, and loading. Despite its generality the program is easy to use.
Branches are provided such that for commonly occuring cases the input data in-
volve only basic information such as geometrical and material properties.
The co•mputer program has been verified by comparisons with other known solu-

tions tind test results.
This manual consists of several sections in which the program scope is

describoed, the analysis on which it is based is given, the flow of calcula-
tions £"s outlined, the input data are defined with sample cases, various possi-

ble pitfalls are emphasized, and sample list and plot output are given and des-
3 cr'itod.
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NOFMENCLA'2URE

A discrete ring6 cross-section area

([BJ kinematic relations in finite form, Eq. (8)

3 C2., LC), C constitutive equation coefficients, Eq. (0): or Eq. (, )

dip d2 radial, axial components of reference surface discontinuity (m. ]9)

idJ displacement vector [u~vw]

E Young's modulus

|el, e2 ~ radial, axial components of discrete ring eccentricity (Fig. 21)

G shear modulus

S[I] discrete ring constitutive law, Eq. (69)

' radial line load applied at discrete ring centroid (Fig. 2J)

h, k finite difference mesh spacing (Fig. 3)

I discrete ring moment of inertia (subscripted)

SIP0INT local mesh point nunber in current shell segment, JSEG

15(I) quantity of w-mesh points in Ith segment, riot including "fictitious"

points

J discrete ring torsion constant

[K] [K t], LK I matrices, Eq. (37)

K constraint condition multipliers, Eq. (4)

k. length of finite difference element (Fig. 3)

M line moment applied at discrete ring centroid (Fig. 21); bending
moment resultants (subscripted) (Fig. 35)

Sunumber of circumLerential waves; also n-axis in s-n system
j. (Fig. 20)

A in-plane stress resultants (subscriptcd) (Fig. 33); number of
I circumiferential waves

ESEG quantity of shell segments

xij
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- ,I mo, s prcssurc and surface traction components (Fig. 35)

[p] ",pressure-rotation" matrix, Eq. (142)

i p nlormal pressure, positive as show11 in Fig. 20

,q dependent variables of energy

parallel circle radius, Fig. 20

R radius of curvature (subscripted), (Figs. 20P 3) -

s meridional arc length. Aj.so s-axis in s-n system (Fig. 21)

S shear force/length applied to discrete rNint axis (Fig. 21)

t shell thickness

T temperature rise above zero-stress state

Ts) T kinetic energy oi shell, ringr

Su u meridional, axial displacement (Fig. 20)

U total potential energy

Us, U strain energy of shell, ring
r

Upl, Up 2  potential enlergy of line loads, distributed loads

U constraint "energy"

v, v circumferential displacement (Fig. 35)

W, w normal, radial displaceia.nt (Fig. 20)

6u, 6v, 6w infinitesimal variations in u, v, w

x, y axis system attached to discrete ring centroid (Fig. 21)

x also denotes ei-envector

z distance from reference surface, positive outward (Fig. 35)

0 coefficient of thermal expansion

'Y rotation arouvad normal, Eq. (40), (Fig. 35)

0 if i / j if i=j
J

reference surface strains (subscripted) Eq.(0)

xii



p1

I[{E J discrete ring strain vector, Eq. (67)

Xi Lagrange multipliero for constraint conditions

cigenvalue for bifurcat-ion• buckling

LKXI constraint condition vector, Eq. (4)

reference surface changes in curvature; discrete ring
axis changes in curvature

eigenfrequency

I •rotation about meridia•, (Fig. 3ý), Eq. (40)

derivative of total potential energy U with respect to qi

X rotation of meridian, (Fig. £0), Eq. (]6)

c discrete rin6g material density (lb/in )

o normal stress

J T shear stress

o circuiimerential coordinate

V Poisson 's ratiS

J Sub scrip~ts

c d:i.screte ring centroid. Displacements u, Ve w shown inJ Fig. 21

f "fixed" quantity

J i ith mesh point

LIN including, only terms linear in di splasements

I iran, max minimun, maximuwm

n circumferential wave number; also n-axis in s-n system (Fig. 21.)

NL including only terms nonlinear in displacements

I rolgqhnr

a' discrete ring quantityI
I xiii



shell, or with respect to axis parallel to shell meridian,
or portion of strain independent of prestress

t differentiation with respect to time

V variable quantity

X, y, xy with respect. to x-y system (Figs. 20, 21)

O,o prebuckling quantity

1, 2 meridional, circunmfcrential directions

1.2 shear, twist

_Suerscr'.pts

i] "fixed" quantity i
ff prestress strain terms quadratic in "fixed" displacements

vv prestress strain terms quadratic in "variable" displacements

fv prestress strain terms involving cross-products between
"fixed" and "variable" displacements

T transpose, thermal effect

v "variable" quantity

Y differentiation with respect to circumferenttial coordinate [
( )' differentiation with respect to meridional arc length s

axial, radial system (u , w , for example, lPig. 20)

0 prestress state (zeroth order in variations 6u, 6v, &w)

first order variations (linear in 6u, 6v, 6w), or first order
(linear) prestress terms

2 second order variations (quadratic in 5u, 6v, 6w), or second
order (quadratic) prestress terms

I

xiv
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I Section 1

TITHE SCOPE OF THE BSOR4 COMPUTER PROGRAM

1.0 Introduction

I Tile DOSQR4 computer program was de'eloped in response to the need for

a tool which would help the engineer to design uractical shell structures.

An important class of such shell structures includes segmented, ring-stiffened

branched shells of revolution. These shells may have various meridional

f geometries, wall constructions, boundary conditions, ring reinforcements, and

types cJ loading, including thermal loading. An exaiaple is shown in Fia. 1.

The meridian of the shell of revolution consists of six segments with various

geometries and wall constructions. The first segment (nearest the bottom,

end "A") is a monocoque ogive with variable thickness; the second is a conical

shell with three layers of temperature-dependent, orthotropic material; the

third is a layered, fiber-wound cylinder, the fourth is a toroidal segment

J with eccentric rings and stringers; the fifth is a spherical segment with

eccentric rings and stringers; and the sixth is a flat plate with saoid'4ich
! construction and eccentric meridional stiffeners. The referencýý surface is

indicated by the dark dash-dot line. It is seen that the meridian of the

1 composite shell structure is discontinuous between the first and second

segments, the second and third segments, and the third and fourth segments. 'U

In the analysis these discontinuities are accounted for. The shell is Z I
s supported at the end "A" by a ring which is restrained as shown: displace- W

ments u* and w* are not permitted at the point "A", which is located a A -

I specified distance from the beginning of the reference aurface. In the

analysis of actual shell structures it is important that support points,

Sjunctures, and ring reinforcements be accurately modeled. Seeimingly in-

significant parameters sometimes have a large effect on the stress, buckling

loads, and Mibration frequencies. The shell is reinforced by 6 rings of

rectangular cross-section, the centroids of which are shown in the figure.

Theso" --J-nos are treated as discrete elastic structures in the analysis. The

shiel is submitted to uniform external pressure (not shown), line loads

app]wed at the first and second rings, and the thermal environment depicted
I ~no tP' second ,segment.

1 1-1
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Figure 2 shows a branched shell typical of a submarine pressure hull.

The hull contains three bulkheads which are treated as shell branch segments

£ © C and The hull is reintforced by T-section heavy framesi

which can be treated as discrete rings or branches from the main shell.

Arrows show increasing arc length, s. -
The B)OS0R4 progrcm is very general with respect to the type of analysis

which it will perform. Depending on the value of a control int, the pro- ;

gram will calculate axisymmetric stresses and displacements frc .onlinear

theory for a series of step-wise increasing thermal or mechanical loads; will

determine critical loads corresponding to axisprmmetric collapse; will deter-

mine buckling loads corresponding to nonsyimetric buckling modes for a range

of circumferential wave numbers, seeking the minimum load; will calculate - e

vibration frequencies of prestressed shells corresponding to axisymmetric

and nonsymmetric modes; will calculate displacements and stresses in non-

syamnetrlcally loaded shells, and will calculate buckling loads of nonsym-

mietrically loaded shells. The program is an extension of the programs B6S&R,

B6S3R2, and B6S3R3 described in Refs. 1, 2, and 3, respectively.

her •omputer progrzrams have also been written for the analysis oi s;els

of revolution. In his computer analysis Cohen (Ref. 4) uses a step-by-step

numerical integration technique to calculate buckling loads of ring-stiffened

orthotropic shells of revolution. Kalnins (Ref. 5) employs a similar inethod 4'

to calculate nonsyi:mmetric deformations of segmented shells of revolution sub-

mitted to nonsymaetric load,. Percy, Plan, Klein, and Navaratna (Ref. 6) use -

the finite element method for the linear stress analysis of general shells

of revolution. navaratna, Pian, and Witiner (Ref. 'r) extend the analysis of

Ref. 6 to treat buckling of shells of revolution. The work of Refs. 6 and 7

led to a series of computer prog'rams under the name SABOR. The latest program

in this series, SABOR5-DRASTIC, is docwumented in Ref. 8. Other computer pro-

grams on stress, buckling and vibration of shells of revolution have been

written by Fulton and his co-workers (Ref. 9).

The assumptions upon which the BýSOR1i code is based are-

1. The material is elastic.

2. Thin shell theor'y is valid, that is, normals to the undeformed surface
remain normal and undeformed.

1-2 I
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3. The structure is axisymlietric. and in vibration analysis and nonlinear|stress analysis the loads and prebuckling or prestress deformations
"are axisymmetric.

4. The prebuckling deflections, whilc considered finite, are moderate.
That is, the square of the meridional rotation can be neglected
compared to unity.

d5. In te calculation of displacements and stresses in nonsymmetrically
loaded shells, linear theor is used. This branch of the program is
based on standard small-deflection analysis.

6. A typical crobs-section dimension of a ring stiffener is small compared
to the radius of the ring.

7. The cross-sections of the rings remain undeformed during the deforma-
tions of the structure, and the rotation about the ring centroid is
equal to the rotation of the shell meridian at the attachment point of
the rilu. (Except, of course, if the ring is treated as a shell branch.)

8. Toe ring centroids coincide with the ring shear centers.

9. If meridional stiffeners are present) they are numerous enough to
include in the analysis by an averaging or smearing" of their prop-erties over any parallel circle of the shell structure.

rOne of the more important extensions or the analysis of Ref. 3 is the

capability of treating branched shells. This extension permits, for example,
the analysis of pressure hulls with bulkheads; the treatment of ring-stiffened

shells as shells with branches, thus accounting for the deformation of ring

cross-sections; and the investigation of double-hulled vessels.

Two additional impo 'taut extensions of the analysis include variable mesh

point spacing within each shell segrment and a reformulation of the buc'kling

eioenvalue rroblem to account for orebunklirn shane chance of the shell in

linear buckling analyses.

The BOS0R4 code is easy to use yet very general with respect to the

1. Type of analysis tc be performed

2. Geometry of the snell meridian

3. Type of wall construction

¾4. Ty-Ie of boundary conditions and ring supports, and branching configuration

5. Type of loading

I1
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1.1 Types of Analyses

The program can perform various types of analyses (see Fig. 24a). The

choice of analysis is governed by an integer INDIC. The overall control in

& the program depends on this integer. The relationship between INDIC and the

type of analysis to be performed is as follows:

S INDIC = -2 . . Stability determinant calculated for given circumferential
wave nunber R for increasing loads until it changes
sign. I.onlinear prebuckling effects included. INDIC

then changed automatically to -1 and calculations pro-
ceed as if IUTIC has always been -1. (See INDIC = -1.)
See Table 10, Fig. 36, Page A93-Al-O for sample case.

-l . • Buckling load and corresponding wave number N deter-
mined, including nonlinear prebuckling effects. Initial
load estimate and range of N provided by user. N
corresponding to local minimum critical load is auto-

matically sought. See Table 5, Fig. 2'7, Pages AI4 -

A29 for sample case.

0 . . . Axisymmetric stresses and displacements calculated for -

a sequence of stepwise increasing loads from some stort-

ing value to some maximum value, including nonlinear
effects. Axisyr.-etric collapse loads can c cal"culated.
See Table 6, Fig. 28, Pages A3) - A38 for sample case.

. Buckling loads calculated with linear bending theory
for the prebuckling analysis. Buckling loads calculated
for some range of wave nwumbers. Several buckling loads
foor each wave number can be calculated. N correspond-
ing to minimum critical load is not sought automatically,
however. Sec Table 4, Fig. 26, Pages Al - A13 for sample
Oase.

2 Vibration frequencies calculated, including the effects
of prestress obtained from nonlinear analysis, for a
range of wave numbers. See Table 8, Fig. 30, Pages

A58 - AD[9 for sample case.

3. . Nonsymmetric stress and displacements calculated for a
range of wave numbers for nonsyinmetrlcally loaded shell.
Linear theory used. See Table '(, Fig. 29, Pages A38
A5½ for sample case.

4. . Buckling loads calculated for nonsyimnetrically loaded
shells. Prebuckled state obtained from linear theory

or read in directly. 'Worst" meridional prestress dis-
trihution assumed axisy2mnetric in stability calculations.
S\ei 1 buckRix•g loads for eacht:-n,, umber N caN be
calculated. N corresp-rnding to minimum critical load
vot sought autor.,tically. See Table 9, Fig. 31, Pages"
A75 - A92 for s;nile case.

13J



1.2 Geometry of the Meridian of Each Segment

The entire shell structure consists of a number of shell segments joined

together in series or branched. The reference surfaces of adjacent segments

need not be continuous, as seen in Fig. 1. Both axial and radial discontinu-

ities are permitted. In the determination of the geometry parameters of each

segment flexibility is provided through a "computed GO TO" statement, in which

control is referred to various subroutines called GEOMl, GEOM2, etc. Each of

these subroutines calculates geometry parameters r, r', l/R 1 , l/R 2, and

(l/R 1 )' (Fig. 20) as functions of meridional arc length, s. For example,

GEOMI corresponds to cylindrical or conical shells or flat circular plates;

GEOM2 corresponds to spherical, toroidal, ogival segments; and GEOMh corres-

ponds to general meridional shapes. Additional shell types can be accommo-

dated by the insertion of other subroutines to calculate parameters for a

specific geometry where dummies are now provided. Reference surfaces can be

located anywhere inside or outside the shell walls. For the purpose of sign

convention, the shell is always depicted with the axis oriented vertically

and the meridian on the right-hand side of the axis, as shown in Figs. 1, 2

and 33-35.

The geometry parameters r, r', l/R 1, l/R 2, and (i/R 1 )' refer to a

reference meridian, which need not be the '!middle" surface. Figure 33 shows

several shapes for which special branches are provided. Figure 34 shows a

variable thickness shell with the reference surface. Appropriate input data

determine the geometry of the reference surface. Additional input data are

required for determination of the location of the material of the shell wall

relative to the reference surface. An example of these data is given in

Fig. 34. ZVAL(K) is positive if at the Kth callout point, IZVAL(K), material

exists on our left-hand-side if we face in the direction of increasing arc

.•oigth s. (Arc length s is measured along the reference meridian.) The

,ketches below illustrate this sign convention.

.1-5



z.--_ ,..z(. // AI ArELE\4.

4- ZVALI) > 0 ZVAL(I) > 0 ZVAL( I) > 0
ZVAL(2) >0 VI ZVAL(2) > 0 ZVAL(2) > 0
ZVAL(3) <0 B ZVAL(3)0 £ 0

r ZVAL() <0 rZtL(4) >0
r-- r --- r

The concept of "inner" and "outer" surface is not general enough for 7i

proper application of BOS0R4. However, stresses are so labeled ini output

lists and plots. The user will interpret this output correctly if he trans-

lates "inner" as "left-most surface" and "outer" as "right-mcst surface",

in which "left" and "right" are referenced to the direction of increasing

arc length s. For example, in the above right-hand figure for the ZVAL I
4

sign convention, tue "inner" surface in the sense just described is actually

the outer surface in a physical sense. For simple oroblems the user is ad-

vised to follow the convention shown in the left-hand figure above. In-

creasing s is in the northeastward' direction. Then "inner" and "outer",

as defined precisely, generally coincide with the simple physical connotation.

1.3 Wall Construction of Each Segmient •

With regard to type of wall construction) the following special branches

calling for simple input data are provided:

1. Monocoque shells

2. Sinells with skew stiffeners

3. Fiber-reinforced shells laid up in layers (fiberglas)

4. Layered sh-'] l 1'ith orthotropic layers

5. Corrugated shells

6. Shells with one corrugated ond one smooth skin

1-6
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5 7. Layered shells with orthotropic layers, each layer of which
has temperature-dependent material properties.

SAny of these types of shells can be reinforced by two types of stiffeners:

(i) rings and stringers which are "smeared out" in the analysis (as ill the

analysis of Ref. 10) and (2) by the addition of rings which are treated as

discrete elastic structures. ln Ref. 1i the B0S0RP program is used to ca].-

culate buckling loads of externally pressurized cylinders reintforced by many

small rings, which are "smeared out" in tiie analysis, and by large frames

which are treated as discrete elastic structures. A test case in this manual

provides an additional example. The shell wall properties are permitted to

vary along the meridian. The "smeared" ring and stringer properties are also

I permitted tc vary along the meridian. A structure composed of many segments

can be analyzed, and the properties of each shell segment are independent of

J those of the other segments. The structure of a typical input deck is shown

in Fig. 25.

J In BDSOR4 the wal.l properties of each segment are detertmined in one of

the subroutines CFB1, CFB2, etc. Each of these subroutines calculates the

coefficients Cij of the constitutive equations for a give-I type of shell

wall construction. Additional wall constructions can be accommodated by the

insertion of appropriate subroutines. Details of the derivation of the co-

efficients of the constitutive equations are given in Ref. 3, Ref. 11, and

in the list of the BnSnR4 program itself.

The ccefficients C.. of the constitutive equations are defined by the

equation:

N C C 0 C 0 0I Nl c11 c12 1 4 15, o 2 l

I, Q
N1 2 r , 033 0 36 1a (o)

0 14 024 0 044 0 K 1

tM2 C15 C25 0 CC15 C55 0 X2

i 12 0 0 C36 0 0 C 66 t2 j2

1-7



l. Boundary Conditions and Ring Saupprt"

A composite shell structure is shown in Fig. 1. In this example the shell

is composed of six segments, has a ring support at A, and is free at 13. There

6 are also intermediate ring supports as shown. These rings are treated as dis-

crete elastic structures, and the ring equations develojed by Cohen (Ref. h)

are used. Figure 21 is a schematic of an arbitrary discrete ring considered

to be attached to the reference surface at the point so labeled. The ring

centroid is located a radial distance e 1 and axial distance e 2 from the

attachment point. These components e 1 and e2 of ring "eccentricity are

positive as shown. Their sign, incidentally, does not depend upon the direction

in which the arc length s is traversed, but only upon the relative positions

of the attachment point and the centroid. Similar comments apply to discrete

rings, the eccentricity of which is specified by Zc ard S , shown in

Fig. 21(b).

Displacement constraints in additien to those associated with ring supports

are treated somewhat differently in B0S0R4 than they are in BOS0R3 (see dis-

cussion on pages 1-7 and 1-8 of Ref. 3). The Lagrange multiplier method is

still used and the constraint, conditions still apr>y to the j !aL displace-

ment components u , v *, w *, and X (Fig. 19). However, introduction of

branched shells adds another dimension to the definition of the constraint

conditions. Figure 2 can be used as an example. Table 1.1 shows the input

data pertaining to the constraint conditions corresponding to Fig. 2. Each

segnent has 15 mesh points. Three groups of data appear for each input card:

location of constraint, which of the global vwriables u , v , w , and X are

involved, and the radial and axial components of reference surface discontinuity,

DI and D2 (d 1 and d 2 in Fig. 19). For example, the last card reads 'Segnent 8

point 15 connected to Segment 8 point 15; u , v , w , X are constrained;

zero discontinuity". This card illustrates the treatment of a boundary

condition. The second card represents a Ujpcturc compatibility condition.

The location of pole conditions (r=O) must be specified by the user, but

the appropriate displacement constraints depend on circumferential wave

numwber n , and these are automatically generated internally. Hence, the

integers in columnras 18, 24, 30 and 36 of the first, four-Lt., eighth, and

eleventh "cards" in Table 1.1 are ignored by the progran. Assignment of

i-S iI
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unity in the colurmns labeled u ,v ,X ,w means the corresp -onding global

dip-ýcen oknn is conistrain~ed or is involved in a *Juncture condition.

Zero denotes no constraint or juncture continuity condition.

Figure 19 -how-, a meridional discontinuity (a) and boundary support

points at the beginning of a seg~nent and at the end of a segrnenL (b).

1) d1 and dl- are postive as shown if J > 0

2) d and d are ne~aieaqioni

This sign convention thus depends only on the relative nubring ofthe segents

involved in the- junction. It does j~g depend on the direction of increasing

are length s. IDor doesit uend oI whether the user sp-ecifies "Segment,

ISEG is connected to se Let ISEG + J" or "Segment ISEG -+ J is connected to

I ISEG ". In Fig. 19(b) the "di sc ont inui ties" d Iarid d2are positive as shown

independent of the direction of increasing arc length s.

I The. treatment of cases in which stabilitýy or vibratioil constraint con-

ditionis are different from Erostress conditions is described in the section

J ~~on input data. For example, antisynixetrical behavior at symmetry planes ofI
a shell is permitted through the introduction of additional constraint con-] dition cards., as described oxi Page B-3.

Rigid body modes are prevented by the user through introduction of] appiropriate -input as described ill the input data s;ectioni (Page B-3).

Of course, these additional input data are required only in cases involvingJ n = 0 or n = 1, in which rigid body motion is possible because of the ab-

seiice of certain constraints. Examples of rigid body modes are shown in

the sketch below. Thcer are, of course, six possible rigid body modes,

Iu m
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three translational and three rotational. Two of thcse modes correspond to

axisynametric motion (l r 0) and foru' to motion involvine one circumferential

"wave" (nl = 1). If i = 0 or ni = 1 a1:,e involved in citner the prestreas

or the eigenvalue analysis, and if the constraint conditions already intro-

duced by the user permit rigid body motion, the user must provide two addi-

tiooral constraint condition cards, one which prevents the n :.: 0 rigid body

modes and the other which prevents n = 1 rigid cody modes. These additional

constraint conditions (called IST0PO(I) and ISTPI(I) on Page B-3) must

correspond to a location in the structure at which a constraint conrditio,i-

IFIX, has already been itntroduced, but they may not be introduced at a pole

U= a). It may be necessary on occasion to introduce a "fictitious" IFIX

constraint condition (location, but rio constraint)

(Seg,Pt)(Scg,}Pt) u v X

c.g: IFIX = 1015, 1015, 0 , 0 0 , 0

]ocation constraint_.

in order to be able to provide appropriate constraiiits against rigid body

rIST0PO 1015, 101 5 , I 1 I , 0 , oi
IST0IP = i10l) 1.015 , 0 , 0 , 1 , I

The above example would apply to a buckling arialysis of a free hemisphere.

Ili the B0S0R4 program the constraint conditions IST0PO are only applied if

n : 0; IST0PI are onily applied if ii = 1. They are released automatically

for all other values of n. It is up to the user to provide adequate con-

ditions to prevent rigid body motions, while not introducing additional

"fictitious" structural stiffness. The sample case involving vibration of

a free hemisphere (Table 8, Pages AS8-A'(5) demonstrates the appropriate use

of rigid body mode constraints.

There are certain limitations on the types of branching permitted by

the BOSOR4 code. Tire sketches below illustrate branich conditions, which

if provided a- input to B0S0R4, will elicit the message 'Constraint condition

numL•ber K illegal. See User's Manual for fix."

1-10



_nnbering and mesh points, as illustrated below:

Ca) ( b) Cc) (d) Ce)

1.5 Los dinpý

•. Mechanical or thermnal line loads or distributed loads (pressures) are

permitrled in the analysis. These loads may be axisaTmnetric or may vary
Scarond tb e modeles ruice. The pressures and temperatures may vary along

the meridian as well as around the cirtedmberenle and the temperature may

l vary through the thickness. Ira cases involving nonsy-Draetric loading a

linear analysis is used. .The program finds t~he F'ourier series for the

S~loads, calculates the shell response in each harmonic to the load corm-

p•onents with that harmonic, and. superposes the results for all harmonics.
The superposed displacements and stress resultants are printed and plotted

for selected meridional and eircumferenti~l stations. Line loads and moments
are assMned to be applied at ring centroids. Thermalbte oad loads arise froe
the meu.juri : discreill rings weic u m fy be heate, above their zero-stress

J aytruhtethcns.I ae invingnnymtiiodn

lieraayi . sd TepormfnsteFuirsre o h



, 5tates. Distributed thermal loads arise from temperature distributions

over the shell surface and through the shell well thickness. It is em-

phasized that the input temperature is "delta T", that is the rise in tern-

perature above the zero-stress state, not the absolute temperature.

As seen from Fig. 25, which shows a schematic of a 13030R4 input data I
deck, there ore four groups of input cards corresponding to four different

classes of loads:

1. Line loads at discrete rings

2. Thermal line loads at discrete rings

3. Pressure arid surface tractions distributed over
shell surface

4. Temperature diwuribution through thickness and over

shell surface

In addition, there are two cards among the first group, labeled "General Input"

in Fig. 25, which control the loading under certain circumstances. These two

cards contain load factors P, DP, TEMP, and DTEMP; and load range delimiters

FSTAPLT, FMAX, and DF. |

In many cases a load is rcproscntcd in the B program as c proiduct

of quantities. For example, the initial normal pressure in a nonlinear

isymmetric stress analysis (INmDIc = a) is represented as a product of a

1actor P and a meridional distribution PN(s). The normal pressure ampli-

tude for each harmonic in a linear nonsymmetric stress analysis (INDIC = 3) --

is represented as a pruduct of a meridional distribution PN(s) and a cir- -

cund'erentiaj. harmonic amplitude PDISTl(n).

Table 1 .2 ivres a siunary of load magnitudes for the four classes of

]oads and the seven tyrpes of analysis (INDIC). Definitions of the variables

in Table 1.2 appear on Pages B-9 i B-1I-l B-13, and B-15. The sign convention

for the loads is shown in Fig. 21 and summarized in Table 1.3. A negative

normal pressure, for examplc, could be provided as input data for a nonlinear

stress analysis (INDIC a O) either with P1 < 0.0 and PH(s) > 0., or with P > 0.0

arid PN(s) < 0.0. A similar consideration holds for the other products shown

in Table 1.2.

Two types of loads are specified in Table 1.2, an initia] or fixed type

and an incremental or eigenvalue type. The appropriate use of these two

ty.pes of loads for various kinds of analysis (lNDIC) is best comnmunicated
1-12
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3 by an example, The sketch below shows a clamped spherical segment, bubjceted

to a combination of axial compression V and normal pressure, p.

U -40 , /

I -301
B Pu Collapse

IRing -lo-

I fR a /8
A~0/

LIV AXIAL DISPLACEMENT AT RING

A]so shown are typical loud-deflection curves from linear (A) and nonlinear

j (B) theory. Suppose that it is desired to:

1. Calculate the nonlinear axisynmmetric behtavior (B) (INDIC = O)

.. caiculat-e the bifurcation load D (INDIC -a)

3. Calculate the bifurcation loads C and E (INDIC = 1)

4. Calcul.ate vibration frequencies for given V and p (INDIC 2)

5. Calcuiate linear-theory stress with symmetric or nonsyinmetric V and p
(IDIC -= 3)

6. Calculate linear-theory bifurcation with synmetiic or uionsymlnetric
V and p (INDIC = 1)

7 7. Calculate the stability determinant as a funiction of load, nonlinear
4 theory (INDIC -2)

J Let us suppose for the moment that p1 is known and fixed at p0 = -10 psi

"(uniform) and that we wish to investigate the above behavior with V

Sunki)uwn. All loads are assumed to be axisyninetric in this examp•le. The
scale 0 to 40 in the above sketch refers then to V, and the characteristics

of the curves A ijid B and Location of the points C and D depend on the

specified pressure p as well as on the geometry, botundary conditions,

sand mate rial properties.

3 1-13
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The table below shows appropri'tte example values of the load input data

for BOSOR4 for the seven types of analysis listed above. The same data names

are given in Table 1.2.

IN DIC P DP v(1)InV(l) PN(J) PDISTI(L,l) PLIN(L,l) FSTARTa MaX DFa

-2 -10.0 0. 0. -5.0 +1.0 not applicable 0. -40". -5.0

-1 -10.0 0. -3.5.0 -1.0 +1.0 not applicable not applicable

0 -10.0 0. 0. -5.0 il.0 not applicable 0. 1-40 5.0 s
1 -10.0 0. 0. -1.0 +1.0 not applicable not applicable

2 -10.0 0. V . +1.0 not applicable not applicable
3 0 0 0. V 0 o. -10.0 +1.0 +1.0 not applicable

4 0. 0. V 0. -10.0 +1.0 +1.0 not applicable
_. .. _ -J--_.---- -! 7,

BO0TES: aSee page B1-3 for definitions of load range delimiters FSTART, FMAX, DF.

F = collapse load of spherical segment. V .s fixed and known in

this case.

0 Both pressure and axial load are fixed and known in this case. The
pressure multipliers P and DP are ignored. (See Table 1.2)

aBoth pressure and axial load are treated as eigenvalue parameters in
this case. The pressure multipliers P and DP are ignored.

(See Table 1.2)

Analyses with INDIC = -1, 1, and 4 involve the calculation of bifurcation

buckling eigenvalues. With INDIC - -1 both V(l) and DV(1) are changed dur-

ing the case, and the buckling load V(1)c~it is printed with the mode shape

at the end of &he run. With INDIC = 1 the cigenvlues are printed, and the

user obtains the corresponding buckling loads V(i)c it from the equation;

V ( crit• . = V(1) + (cigenvalue) * DJ(1)

with INDIC - 4 the cigenvalues are printed, and the user obtains the corres-

pond4.ng buckling Xoads from the equation

V (ý' ~nr- Im I r -Y UT 1 1 (T TO I', '
lilt



I
This discussion also holds for cases involving many different types and

classes of loads which are applied simultaneously.

The sign convention for various loads is summarized in Table 1.3.

I Please bear in mind that in this manual it is always assumed that the

axis of revolution :s depicted vertically and that the shell meridian

drawn on the rignt-hand-side of the axis (see Figs. 1 and 2).

'Table 1.3 also sh')ws the circumferential harmonic variation of the

v\arious types of !,ads. Given a linear nonsyir.etric stress analysis problem
to solve, the user must know in advance the range in circuniferential wave

number 11, whether it involves positive na, ne•ative n, or both. A simple

example is sketched below. A cylinder with an end ring is loaded by a net

I 7~j*7\Moment

IC
!S

I Section CC
(a) (b)

S V(Pos.)

Detail D

I (c) (d)

I
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shear force and moment (a). The shear force is assumed to act uniformly

around the circumference as shown in (b). At every circumferential station
0, the shear force in (b) is resolved into components normal (H) and tan-

gential (S) to the ring centroidal axis (c). The "global" moraent M is
modeled as an axial load which varies around the circumference as shown in
(d). With the coordinate system shown it is clear that

V = V° cose , S = S sine , H =- H cosO

with V and S positive and H negative. Referring to Table 1.3, we

see that for this c-i.rcuinferential distribution of line loads we must use
n = -l as input to BOSOR4. (NSTART -NFIN = -1, INCR = I or -1, see Pages

B-2 and B-3).

More on the Load Range Delimiters, FSTART, .MAX and DF

The load range delimiters FSTART, FMAX and DF, defined on Page B-3 and i
examples of which are given in tcst cases 3 and 7 and lij the discusbinI and

table on Pages 1-12 and 1-14, play the same role as PINIT, PMAX, and DPMAX.
respectively, in B0S3R3 (Ref. 3). Since users of B0S0R3 have expressed con-
fusion concerning these parameters, it is perhaps helpful to include at this
point some additional description with further examples. The load range

delifiters FSTART, FMAX, and DF serve only to establish the range of loading,
and these quanitities are not used as actua± loads in the computer program.

They simply "tell" the computer when to terminate the case. That is their

only function in the program. Some examples follow:

Examiple 1: shell loaded by "fixed" pressure, "variable -in-time" axial load:

P 10 psi DP 0.0 v(1) = -1000 lb/in DV(l) = -200 lb/in

FSTART = -1000 FMAX = -5000 DF B -200

Example 2: she1] loaded by "vari'ble-in-time" pressure, "fixed" axial load:

1 = 20 psi J DP = 5 Ps i V(- ) = -3000 lb/in, P(l) 0.0 2.b/in

ýFSTART -20) rFMAV-looC DF

1-16



Example 3: shell loaded by "variable -in-tine" pressure and "variable-in-timi•e"
I axial load:

P = 20 psi DP - 5 psi V(1) -1000 lb/in Dv(l) = -200 lb/in

FSTART = 20, FMAX = 100, DF 5 or FSTART = -1000, FMAX = -5000, DF- -200

u From the above three examples it is seen that:

1) The load range delimiters represent the range of one of the
"variable-in-time" loads.

2) The load range delimiters have the same algebraic signs as the
corresponding "variable -in-time" load.

1 3) In cases involving more than one "variable-in-time" load the
load range delimiters may represent the range of any one of the
"variable-in-time" loads.

I =1

!

!__
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Section 2

3ANALYSiS ON WHICH BOSOR4 IS BASED

2.1 Introduction

3 The BOSOR4 program represents the codification of three distinct analyses:

1. A nonlinear stress analysis for axisymmetric behavior of axisymmietric3 shell systems

2. A linear stress analysis for axisyrnetric and nonsymmetric behavior
of axisymmretric shell systems submitted to axisymmetric and non-3 symmetric loads.

3. An eigenvalue analysis in which the eigenvalues represent buckling
loads or vibration frequencies of axisymnetric shell systems submitted

to axisynmetric loads* (eigenvectors may correspond to axisymmetric

or nonsyrnetric modes)

3 The independent variables of the analysis are the meridional are length, s

measured along the shell reference surface and the circumferential coordinate,

.6. The dependent variables are the displacement components i, v, end w of

the shell wall reference surface. The numerical analysis is based on the

finite difference e!nergy method, s. that in the ccmputer program the dependent

3 variables are une displacement componentE u., vi, and w at discrete points

(mesh points) on the shell reference surface.

3 For the three analyses listed above it is possible to eliminate the

circu•ferential coordinate, 9 , by separation of variables: in the nonlinear

stress analysis p is not present; in the linear stress analysis the non-

sy•.anetric load system is expressed as a sum of harmonical.y varying quantities,

3 the shell response to each harmonic being calculated separately; and in the

eigenvalue analysis the eigenvectors vary harmonically around the circumference.

Thus, the o-dependence (where applicable) is eli4,dnated by the assumption that

u(s,o), v(s,q), w(s,e) are given by u (s)sin no , v.(s)cos nl, wn(s) sin nc

or by u, (s)cos nl, vn(S)sin no, w (s)cos no. in the following analysis the

first three harmonically varying displacement rompnnents correspond to values

of n > 0 ; the last three to n < 0 •

Note that if I1NDIC 4 the prestress state is c-I-Al e ated for rncnrvn-..ctri l-ods,,
but in the stability analysis a "worst" meridional distribution of prestress
is assumed axisymmetric.
U 2-1S ......... .... ....... ................ ... .... ...



The advanitages of being able to elimninate one of the indepenidenlt variables,

cannot be overeruin1isizea. Tire number of calculations performed by the computer

for a given mnesh point spaci rig along the arc length s is greatly reduced,

leading, to sig~nificant. reductions. inl computer time. Beenuse tile numerical

anrlyi aA "nredj'crs~nr1"a rather ci iborate composite shell structure,

suchi as, thiat i'epreseiitc-d inl Fig,. I., canl be analyzed inl a single 'pass" liii'out')i

thle compuAter. Thue disaldvan~tage is-, of course., the restriction to sxisyarinxetriu

structures.

.OEnerg~y Formulation Sunmmary,

The POSOb p~rogramn is- based cn enlergy mildImIIza1t ionl With Constraint Conl-

ditions. '&he total energ~y 01' the systemt involves:

I . SIraliln ennergy) of thre s110eil augen,1ts, U.

P.Stra-in energy of thle discr~ete rinlgs; UV

3.1oteiitia 1 one ugy of thle. applied line loads and press ures, U

4Kiitetic ene~rgy 01I' thu shiell se~gments T

5.Kinetic energy of' the di screte ringýs T_

The conistrziint conditions, Ud rise fom
C'

I . Displacement eon1di tiorra imposed an5\4here iii the conmpos~ite shell

0.Compaýtbibl ity Cornditiions between segmlenits mnd branic he- of the
compsiteshell.

These0 e omponiera1taý Of enryarid the c orst~rai iii. c ondi ti Oiis are isiiti ally in1tegro-

dI iferentil tni fornri . :fhi2 re tfien written ill terms, of the shiell reference

a vnedi splac4ellenra t. cciii] osrItsLi. It v arid w ,ii. the 1'ili te -difl'erence mus,,h

poinit,; arid Lgraiige na1.11ilp Au n', . 'The initeganti on is3 performned runner leally

by tie tnipezoli Ii ruIle . Ntow all algebraic forim, the eniergy is mdnilmizud 1 I th

rinspect to the discrete depenident, variab leo

11lnrtcniel 1011onar stru35S tiialysis, tile enlergy expressio hailis termis lilniear

quaIdratic, cubi c, arid quartic i A the dependent. variaibles . The cuici i arid

qu:ilti c tLermsl an se frmthel re'e ti Sir-sqwii'ed I terms which aIppearl inl tire

Thle reader is, ref'erred to Hci'. J;' for descr'iljtior o1' ai riethiod tlu'ouLghi whileh

BO$30R 4 call be used to anlalyze riorr;ymnrietrie ,,trueturps5 of ai prismatic form.

P-Ln'-



U constraint conditions and in the kinematic expressions for reference surface

strains ,l' £2; and £10 " Nonlinear material properties (plasticity) are

not included in the analysis. Energy minimization leads to a set of nonlinear

algebraic equations which are solved by the Newton-Raphson method. Stress

and moment resultants are calculated in a straight forward manner from the

mesh point displacement components through the constitutive equations (stress-

strain law) and kinematic (strain-displacement) relations.

The results from the nonlinear axisqmmetric stress analysis are used in

j the eigenvalue analyses for buckling and vibration. The "prebuckling" or

"prestress" meridional and circumferential stress resultants N o and N20

and the meridional rotation XC appear as known variable coefficients in the

energy expression which governs buckling and vibration. This expression is a

homogeneous quadratic form. The values of a parameter (load or frequency)

which render the quadratic form stationary with respect to infinitesimal

variations of the dependent variables represent buckling loads or natural

frequencies. These "eigenvalues" are calculated from a set of linear, homo-

gene ous equations.

SThe same linear "stability" equations, with a "right-hand-side" vector

added, are used for the linear stress analysis of axisynretrically and non-

Ssymmetrically loaded shells. The "right-hand-side" vector represents load

terms and terms due to thermal stress. The variable coefficients, NIO 1

h0 , and X , mentioned above are zero of course since there is no nonlinear]20 0,

prestress" analysis.

., Gcncral Theory for. huns•ynmetric DisplaceiueuLs

I The total. potential energy consists of (a) shell strain energy, (2) ring

strain energy, and (3) potential energy of applied loads. The constraint con-

ditions are written in terms of Lagrange multipliers and displacements of points

on the "plus" and "minus" sides of the junctures or boundaries. These energy
components and constraint conditions appear as Eqs. (9), (15), (18), (19), and

j :)1) and (25) in •ei . 13. Equation (19) is incomplece, as it does not include

II"presoiure-rotatio~n" effects. Th~e following anialysis is based oil there equations.3

I The various coml•onezits of enierý_y f'ol]nw!



i) Shell Strain Energy

Usf f [LCJ [CG (c] + 2 LNTJ fe} rdeds (1)

seS

2) Rin train-Energy• .

r CF 
KZEA 2E + 2 El ?U~E EK + ,t xElr = . r x y y x x y xy

(2) i

G' /r + 7- [r Nr x xxM Y + y-4 (x ur)2 +z[r T - ~MT+ ± K de
r NrC y yx

3) Potential Energy of Mechanical Loads

up, - f (-VUc + Svc + Hwc + Mx) rc de

(3)S[w

se

12 2

+ +P3 • ) + uwP3 rdeds

4) Constraint Conditions

C LKXJ d d -Ad (1)

Note that Eq. (3) has terms quadratic in the displacement. These are the
"pressure-rotation" terms taken from Reference 14 and omitted in Eq. (1.9)

of Reference 13. Also note that Eq. (4) contains [KXJ, implying input

constants K which are applicable to juncture conditions as well as to

boundary conditions. The kinetic energy is r-ot written here. It is given

in Ref. 15 as Eqs. (28) - (32).
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2.4 Nonlinear Axisymmetrie Prestress Analysis

Equation (36) of Reference 16 governs the nonlinear prebuckling analysis.

This equation must be solved for each Newton-.Raphson iteration. In the follow-5 ing pages, this equation will be developed, and variables in the bgSOR4 computer

program will be identified along with the analytical development.

The equilibrium equation to be solved at each Newton-Raphson iteration is

M2

Aqj = "i

in which M2 is the system rank, 4i = )U/bq. , qi represents the ith de-

pendent variable (either u or w or a Lagrange multiplier), and Aq.
represents the j correction addend for the current Newton-Raphson itera-tion. The following sections will establish •iand 6 for the

V-( 3 shell, discrete rings, applied loads, and constraint conditions.

1 2.4.1 Shell Strain Energy

From Eq. (1) is follows that

NSEG 15(JSEG)

S- ýi - r k Ask Lei [C] + Nq (6)

JSEG=I k=1 L

where integration over e has been performed and integration over s is

-replaced by a weighted swummation. NSEG is the number of shell segments and

15(JSEG) is the number of mesh points in segment no. JSEG. sk is the

length of the kth finite difference "element", in other words the integration

I weight

The vector [ej is given by

Le] = Lc.,, e23l' K 2 ] (U)

1 2-5



in which

qjZZ1 2G 1 2g XI I
C1 qi -I0

= [B q, qi 0( 8

AA 0

The array [B] is calculated in subroutine PGETB, which is called from PRESTS.

These subroutines apply to the finite difference energy method with variable

mesh point spacing. The appropriate formulas for w and its derivatives

S{ are:

W c w w w icwI i1 + c2 wi + c3 i+l

w= -w /211 + w. (li2h - 1/2k) + wi 1/2k i

w" = L(w._ /[h(h+k)] - wi/hk + wi+/[k(h+k)]) (
(9)

e = (h-k)(3k+h)/[16(h 2+hk) J

Ce 2 (h+3k)(3h+k)/(16hk)

c3 - (k-h) (3h+1)/[16(k 2+hk)]

The mesh spacing scheme is shown in Fig. 3, which also applies to non-

symmetric analyses. Tie energy is evaluated at the station marked '1", which

is at the centroid of the finite difference "element". Appropriate finite

difference expressions such as given by Eq. (9) are found by expansion of

the displacements in, Taylor series about the point "E" and expression of

2-6



these displacements in terms of the nodal quantities w i_] u1 , v., i.9 ui+3,

v 1i+ 1 , w +]* As is pointed out in Ref. 17 this procedure is equivalent to the

finite element method in which a constant strain, incompatible element is

being used. (For a deeper understaniding of the finite difference entrgy

method the reader is referred to Ref. 17.)

The thermal load vector N Tj is given byLNJ- T T T T (10)

Nj LN I N2 T , M 21  ,

I which are defined in Eq. (6) "f Reference 13.

The contribution of the shell strain energy to the left-hand side of

Eq. (5) follows:

I = NSEG I5(JSEG)

•qj X- T

aq = 2.T rkts, L rC CI+ LNT

1JSEG=lk1

+ q [C] bq ]I
If Eq. (6) is incrporated into Eqs (6) and (11), the following equations

J result:

I RDS QBCB (I) TNB (I)I PS(I() NSEG 15(JSEG) -

nT As k ILi [BJ JG fB.)+ N j B

JSEG=I k=1 (12)

CB (1, 1) QBGL CH.I R.T(I) j
Pii

* ~2-



EC~(~;) NSEG 15(JSEG)r; _ KB T  A()m'(JH I
Lq 7- r Cj +

in Eqs (IZ) and (13)(

Lii= qI 2 ' q.i (B '4 1 , cj. (14)

L (I2M), F(ILM), F (10), F(IIP), F(IZP) .

[IC1 is the local 4 x4 mratrix of crnstitutive equ-ation coefficients corres-

ponding to:

m (15)

K z.



IThis local matrix corresponding to local mesh point IF•INT in, set, up in sub-

routine PGETC. [Bi] signifies the ith column of the matrix [BJ; (Clj is the

first columln of [C]; and the rotation X is given by

X -w' u/r 1  [ROT] [qi (i6)

in which

[ROT] =Ln0T(i) , R02'(2) ROTM~ , nRO(4) , ROT(5)J

LWBD(1) , -. 5/Rj , WBD(3)' , -. 5/El, WBD(5)J

2corresponding to variable station spacing. The quantities WBD(n), WBD(3),

and WBD(5) correspond respectivel.,y to the coefficients of wi-'Ii,,, and

V W+l ill the second of' Eqb. (9). In Eqs. (12) - (17) program variables

are identified. Additional variables are:

1 r = R I/R1  = FK I. (1/R ) " = CD(8
1"= iD I/R 2  = FK2

The indices 12M, 1114, 10, I1P, and 12P identify the global row numbers

corresponding respectively to I = 1, 22 3, 4, and 5 in the local stiffness

matrix BCB(I,J) and right-hand side, PSI(I). These global row numbers are

established through use of array IW(II). Array IW(II) is set up in sub-

routine SKILIN, which is called from subroutine BEADIT. rW(II) contains

3 the global row number of the IIth w-mesh point, in which II is

LI51) 2 + 1 + IPOLNT (9

The program variables TNl, TN2, TN3, and TN4 correspond to the thermal

loads given in Eq. (10). P!, P3, aud PPfINM. correspond respectively to

the meridional traction, normal pressure, and meridional derivative of

* ~ ~~ 1X0-1nmll pre.bnure U47db. TheI programl. data mwk-u)Y tEu(,) u±xB ,)
and PR(I,M) are stored onl drni or disk. Arrays WB(I) and UB(I) represent

coelfficients in the equations 2-9



w - LWBJ 1q} u - LUBJ [.q} (2)

The local stiffness matrix BCB(I,J) and right-hand side PSI(I) for

the current Newton-Raphson iteration are calculated in subroutine PRESTS,

which is called from APREB, which in turn is called from PRE.

2.4.2 Potential Energy of Distributed Loads Lj

In PRESTS, the last two terms in the expression for PSI(I) and the

last two lines of the expression for BCB(I,J) contain the contributions to

the total energy of the meridional surface traction p1 and normal pressure

). These terms arise from differentiation of Eq. (3b) with respect to

q. and q. With v = 0 the following expressions result:

F3 UB (I)

dU2/ = - NSEG 15(JSEG) j
dP dq. 7, 1*k k P rJPs [( 1 W w p-4u/R) I S au

JSEG= k=3 q

F4 WB(I) (I

+ P3 + P u P31-q (21) G

2U2 NSEG 15(JSEG)
-- T r As
aq q3  JS T k rk k [P3' 3q qj bqi q i bq

- 21

2-i0
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2.4.3 Discrete Ring Strain Energy and Potential Energy of Line Loads

Discrete rings and/ut' linL loads are located at certain mesh pointI stations along the shell meridian. These stations are identified by the

array IRING(JSEG,IK). Thus, IRlNG(3,2) = 27 signifies that the second dis-

crete ring and/or line load in the third segment are located at the 27th

point ut which the shell energy is evaluated in that segment.

IThe ring strain energy is given by Eq. (2). For axisyrmetric

displacements

r = x1/r I 0  x o Xy = X/rt (23)

in which w is the radial displacement of the ring centroid and r isc a

"the radius of the ring measured to the centroid. With Eqs. (23) inserted

"* °into Eq. (2), the ring strain energy becomes

" EA 2 I EI +T 2U rT w +MT (2f4)r[ C c r C X +

For axisymmetric line loadsý, the potential energy is

u z 2rr C VU +c Hw c +MX (25)

The line loads,ý are assiumed to be applied along the centroidal axis of the

ring. The axial and radial centroidal displacements u and w C can be

written in terms of the shell wall reference surface meridional and normal

displacements u and w corresponding to the attachment point of the
* ring

UC ur/R - wr' - e X - e2 XZ/2

I k~c-t-'

wc = ur' + wr/.R2 :- e2 X - e 1 X/



The first and second derivatives of the ring strain energy plus the line-load

potential energy are

FRI WCD FRZ UCD

d(U iU )~
T EA- w + N r H) ! + r Vrqi 12 Tc c r c bqj c 7qi

L

FR3 R(T(I)

7 ( X + M r c b (27)

FRI

2-26 U p) ( +L EA + T 6 w c EA c c
2q T Trc r q j "3 q j + - -- c -F - "5

FR Z

b---- E l ax 6x
U xV C× •q (28)
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il which

UCD

-_ (r/R 2 ) r (e +e 2 X

qi qi Iq + e2
2I aq-

FR4

c r + -ý w (r/R 2 ) + (e, el bx

WCD

82
2 c - ax axaqi-q. - e 2  q6%~B b bq qj

iI 
VZcB(b

elil

Collection of terms in Eq. (28) through use of Eq. (29) leads to:

FR5

+ EA W c aWc c (30)
17r ýq aq.I

2-13



Li

2.4.4 Constraint Conditions F

'The constraint conditions are given by Eq. (4). Pic

displacements, each juncture condition and boundary condition takes the

form: ±

Uc -K (u -u-Au)
C i(31)

K3 2(w*+ *- 4 3+K-ww -w w* + K•4 X3 (x+ -xC

in which -

11* = ur//R - r'w

w = ur' + wr/R (32)R2 (32

* - 2Au. : - [d1 x - + 2 (x) 2/2] •

Aw = + [dLX - ad, /2]

Superscripts "plus" and "minus" refer to plus and minus sides of the junc- J
ture conditions (see Fig. 20). In the case of displacement boundary con-

ditiorsn, thu "plus" variables are slmo~y omitted from Eq. (31). Thc K1 ,

K3 , K4 are in -, intc&:rs governing whether or not juncture compatibility

conditions are to be enforced.

FiTures 4 through 6 show various types of juncture conditions which

have various effects on the configuration of the stiffness matrix for each

iewton-Raphson iteration. The shaded areas correspond to elements in the

matrix affected by the juncture or boundary conditions. 'Hinus" elements

are denoted QD and "plus" elementb a.-e utnoted D. The dark line in each

figure rue.resents the "skyline" of the mat.'ix. There are essentially five

kinds of constraint conditions:

1. Simple "one-sided" constraint conditions not at end
IP$INT=I5(JSEG) of Jth sgneent.

2. Boundary conditions at end IPOI-NTMI5(JSE0) of Jt' segincnt.

3. SDgment end connected to non-adjacent previous point.

4. Juntuere condition not at end IP0INT=I5(JSLG) of Jth segment.

5. Beginning of (J+l)st segment attached to end of Jth segment.

2-14



All five types of constraint conditions are shown in Figures 4(a),

5(0), and 6(a) and identified in Figures 4(b), 5(b), and 6(b). Constraint

condition types 1 and 3 are shown in Figure 4. In Figure 4(b) the shaded

areas labeled , D and QDI represent the boundary condiTions [Eq. (31)

without u , w , and - ]. The shaded areas QD2 and QD represent thu

"minus" parts of the juncture condition between mesh points #4 an• #10. The3shaded areas D0  and D T represent the "plus" part- of the juncture con-

dition. Figure 5 shows constraint condition types 5 and 4. Again the shaded

QD's and the D's repr-ocut respectively the "minus" and "plus" parts of

the constraint conditions. Constraint condition types 2 and 4 are shown in

3 Figure 6.

The contribution of the constraint condition "energy" to the shaded 9
aruas in Figures 4(b), 5(1,), and 6(b) will now be derived. In subroutine

PREST2 the Iminus contributions QD are computed. first. The vector

IFX(ICO1Dh,l) contains the segment numbers and local mesh point numbers of

the "minus" sides of the constraint conditions in monotonically increasing

order If IP0INTzIFX(IC0NDI..]), the flow of calculations enters tho branch

of' PRESTS in which QD is filled and constraint condition contributions to

the local matrix BCB(IJ) are calculated. The global matrix row numbers
corresponding to , K and X are indicated in PRESTS by IR, IR1,

and iR2. respectively.

From. Eq. (31), it is seen that

PSI(I)

Uc {xI U + Xz W + %3 X

2¾ X
(33)I l z X3

+ 6 U + 6 W + i X

FNEW(LR) FNEW(IRI) FNEW(IRZ)

in which3 2-15
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•, ' :.- ' U -•.- -•. L • . .. . . . . . -- 1_--*_• . .. . ..

II

USTAR FC3 ROT(1)

u. + (d A- d

D (1, 1) QD (1, 1)

WSTAR FGCI

[w + *w' •X
W . 3K -" -qi (d- 2 d- x" q-

D(2, I) QD(2, I)

(34)

X. K axX i _Kj. qi bqi"

D(3, I) QD(3, I) -;

K1 (u u - W K 3 (w W "w

X K)1 (3÷-x)

6 i
Xl I1 if i =IR =Z ¶1 if i = IRI '

0 otherwise 0 otherwise

I if i=IRZ?
bi 3 0 otherwise
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Contributions from the "minus" part of the constraint conditions to the real

&Uobal right-hand side vector are stored in FNEW(IR), etc. Contributions to

the "local" right-hand side vector are stored in PSI(I). The Lagrange multi-

pliers X1 , X2 , and X3 for the current Newton-Raphson iteration are stored

in F(IR), F(IRI), and F(I2). K1 , K 3, and K 4 are identified in PRESTS as

FIFXl, FIFX3, and FIFX4, respectively.

The second derivative of U with respect to the dependent variables
c

Uq. and q. is given by

2 U

I~q q - 1' K d2 ± K3  X2 d1)aq aq| x8. dz.+ K3xz

6. U U . + w.+& W (35)

1X3 X3

+ 68 X. + X
J ,

I-' s i the terms with k. , k 1 ), 2, 3 contribute elements to QD and

D, anid the terms with 8 contribute elements to QDT and D in Figures 4
to 6. In the program PRESTS only the terms with j • i are computed, since

Sthe stiffness matrix is syimmetric.

Figures 7 through 16 show Additional global stiffness matrix configura-

tions corresponding to the branched configurations drawn on each figur,!.

i4esh points are indicated by dots and numbered according to the directions

of the arrows. "Minus" part': of constraint conditions are indicated by

arrays of Q's; "plus" parts by D's. Additional non-zero elements are in-

dicated by X's.

The array Q D(I,J ) containing the "minus" part of the constraint con-

dition must be stored ii1 the global stiffness matrix. This matrix is dividedJ into blocks, the sizes of which are limited by an input parameter IMAX, and

the numbers of rows of which arc established in subroutine GETBLK. The array

I IL0C contains the position of the main diagonal element relative to the b-e-

ginning of the block, and the array I4GBKP gives the global row numbers of the

2-17
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last equation in each block. In subroutine PRESTS, III is the current block

number, IV is the number of QD array which has been saved because it belongs 7

to a future block, IC is the number of equations per constraint condition, hi

(IC=3 for prebuckling analysis), and N is the dimension of the local stiffness -;

array BCB(N,N). The global stiffness matrix is stored in array BB.

The logic associated with the "plus" side of the constraint conditions

is similar to that for the "minus" side. The contribution from the "plus" I
side is stored in D(I,J), as shown in Eqs. (34), and this branch of PRESTS

is entered ii IPOINT equals the segment and local mesh point corresponding 1
to the "plus" side of the constraint.

The current block III is stored on drum or disk for subsequent processing 1
by subroutines FACTOR and SOLVE. Figure 1.7 shows a flow chart of PRESTS. I
2.5 Stability, Vibration, and Nonsymmetric Stress Analysis

Those three categories have several cormon characteristics: They repre-

sent tio-dimensionl probleim.s in thlaL the restriction to axisymmetric dis-

placements is no longer imposed. They are based on linear theory (although

the axisym etric prestress analysis n stability and vibration problems may

be nonlinear) . They all make use of essentially the same stiffness matrix.

By stability analysis we mean bifurcation buckling, not nonlinear collapse.

By vibration analysis we mean determination of natural modes and frequencies.

Hence, both of these analyses are eigenvalue problems.

2.5.1 Formulation of she Stability Problem: Introduction

The bifurcation buckling problem represents perhaps the most difficult .

of tne three types of analyses with which we are concerned. It is practical

to consider bifurcation buckling of complex, ring-stiffened shell structures

"under various systems of loads, some of which are considered to be known and

constant, or "fixed" and some of which are considered to be unknown eigenvalue

parameters, or "variable".

The notion of "fixed" and "variable" systems of loads not only permits - -

analysi-s of structures- submitted to nonj'roportionally time-varying loads, -

2-18
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1'
but also helps in the formulation of a sequence of simple of "classical" cigen-

-value problems for the solution of problems governed by "nonclassical" eigenvalue

I problems. An example is a shallow spherical cap under external pressure. Very
shallow caps fail by nonlinear collapse, or snap-through buckling, not by bifur-

cation buckling. Deep spherical caps fail by bifurcation buckling in which

nonlinear prebuckling effects are not important. There is a range of cap geo-

metries that buckle by bifurcation buckling in which the. critical pressures

are affected by nonlinear preouckling behavior. The analysis of this inter-

mediate class of spherical caps is simplified by the concept of "fixed" and

"variable" pressure.

Figure 18 shows the load-deflection curve of a shallow cap in this in-

I termediate range. Nonlinear axisyimetric collapse (p linear bifurcation

arLA) nd nonlinear bifurcation (Pnb) loads are shown. The purpose of the

SI analysis to which we are referring in this section is to determine the pressure

Pnb' It is useful to consider the pressure pnb as composed of two parts

) Pnb=f p (36)

£ v
in which pf denotes a known or "fixed" quantity and p denotes an un-f

determined or "t vriable" quantity. The fixed portion p is an initial

J, guess or represents the results of a previous iteration. The variable
v

portion p is the remainder, which can be determined from a reasonably

J simple eigenvalue problem, as will be described. It is clear from Fig. 18
1V f v

that if p is fairly close to pb the behavior in the range p - p _+ p

f is reasonably linear. Thus, the eigenvalue pnb can be calculated by means

fu a sequence of linear eigenvalue problems through whicn ever and ever
v f

smaller values p are determined and added to the known results p from

the previous iterations. As the BrSiR4 computer program is written the

initial guess p need not be close to the solution pnb"

I In the bifurcation stability analysis it ii: necessary to develop three

matrices corresponding to the eie:.value problem

K.lx + XK2x + X2K3x = 0 (37)

I Th....at..ix..... t1h• atLifie ma Lrix and contains "fixed" load eýfects;

the matrix K is commonly called the "load-geometric" matrix and contains
2I 2-19



linear terms involving the "variable" loads; and the matrix K3 , another2
"variable"-load quantity, is called the k -matrix,. for obvious reasons.

These matrices all contain known numbers and are all banded. They all have

forms similar to those shown in Figs. 4-16. They will be derived in the

following three sections, which will be concerned, respectively, with the

shell strain energy and pressure-rotation effect, the ring strain energy and

radial-line-load-rotation effect, and the constraint conditions.

2.5.2 Shell Strain Energy and Pressure-Rotation Effect

The shell strain energy and pressure-rotation effect combine Eq. (1)

and the terms in Eq. (3) quadratic in displacement components u, v, w.

This energy, denoted U , can be written in the form:
S

The strain vector is given by

ui+wR+iX2+l 02t "
4/r + ur'/r + L/2  (t2  Y 2)

e12  1/r + r(v/r)' + X*

Cs) = (39)

*r+ r 'x/ri

2h 2 (-x/r + r/r + v i

in which

X =w' - u/ 1

= ;/r - v/R0  (4o)

y=-y (A/r - v' -r'v/r)

In Eq. (38) [C] is the 6x6 matrix of constitutive equation coefficients

given in Eq. (5) of Ref. 13; [N'J is the six-component vector of thermal
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II

loads given in Eqs. (1) and (6) of Ref. 13; and Id] and [P] are given by

dj= Lu, v, wl (43.)

![P]= -P/0 (42)
Pp/RI p I +tl/R]

I These expressions are referred to the undeforined surface of the shell. We

wish now to expand the energy in a Taylor series about some equilibrium

point, uo, vO, w : We assume that
S• f v f v Of

(u, v, w) = uj + u + 6u , v +v + 6v , w + w + 6w (43)
0 0 0 0 0 0-

in which ( ) means "fixed" arn ( 7 means "variable" and 8u, by, 6w are
f v

infinitesimal variations iron the equilibrium state given by u0  + U ,
f v f v

v + v + w
0 0 0 0

I The energy U is given by

U = U + 1 6 U + (44)I2
in which 6U contains all first order terms in the variations and 61

contains the second-order terms. Because the system is in equilibrilun

the first variation 8U is zero, and we are concerned only with the1 2-
* second variation 8 U:

S 2U ý/S[j[jI[C]{[I + [e LC e 3 +ej[C]i[ 6 2
sQL (45)

+ 2LNTj [C2 + L6u,6v,6wjIP] Iuv1 rdOds(4

0 1 2

in which C , C signify respectively zeroth, first, and second-order

terms in variations 6u.,. 6v, w:

12-21
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!L

+6+W +6 w/R o + "y6

6i/r + 6ur!r + 6wi/L2 + 06* Y oy t

=ir + r(6-,/r)" + x0 6* + (146X
S6X(6

S6/r + r-'6x/r--

S2(-6lr + r'6*/r + 8'tR)

I (8X) 2 + 1 2

]. 2

S( + 6 (-Y)
9e 6X6* (47)

= I0 >I

S o 1•
00

= Expressions (39) with subscript zero. (48)

For convenience from vow on the variation symbol 6 will be dropped.

The infinitesimal components u, v, w, X denote "buckling displacements" .

and the finite components uo, vo wo, X0 denote "prebuckling displdce-
ments". It s understood thot U v w arc composed of two parts,

,j fixed" ]art ( ) and a "variable" part ( )v

If we consider in Eq. (45) that .1

L. j [C] {e 3 L [ j [C] {(e (49)

(since C is symmetric), the second vai-iation (45) can be written in the

form
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I I 2U =f1 (L JICI[C~t' + 2LC 2 J([CI I~ol + + TIV")

LdJ[P]{dj))rdods (-50)

in which the linear prebuckling strain vector e. is:

I/r + Ur'i/r + w0/R2

o/r + r(v o/r)' (51)

x o

Io4/r + r'xolr

2(- o/r + r'4 /r + vo/R0 ~ 0  Ro2 )

I and the nonlinear portion of the prebuckling strain is:

2 (Xj2 + Y2

ZL j2* k(2 + (52

x 0*0

0

The linear infinitesimal. strain vector ~.,Eq. (46), can be dividcd into

j three components

Cs + o + Eo )

2 I
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in which � is given by Eqs. (51) with subscript zero dropped and in

which

f f v p+ 'ovY
X0 X T yo 'Y 10 X 0

0"f + yo oY0V +-

Xf f× oV• v•

0 0

o 0

The "pres5ure-rotation" matrix [P], Eq. (42), and the thermal load vector
T

N ican also be considered split into "fixed" and "variable" parts.

Now divide the prebuckling strain vectors e1 and 6o into "fixed" and

"variable" parts:

1 f VS= -I + 
(5

Co Go 0 + 0

2 ff vv fV

o+ + 0

in which

of Xo f V
ýO* + N• 0 o

Lv f v

fv) v f f v 0 ff 0 - are analogous (56) -Xo 0o + Xo \ o

0

Lv)I I I I I f f I I I II

0

I The term
2LE6 PJ(LC316 j + 21 + IN T)
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iin Eq. (50) becomes

0.2[ ]([C]I f + P • f v + w f v) 1 T+

[ i( + •o + o f e0 + o + T + NvT) (57)

I which can be expressed as:

2Lcp2 2 ÷Nf + vI + CcIT+ Cofv (58)

in which

lifo - C f + e N T

(59)

oLI2I 0o vIv
With the abcve development, we can now express Eq. (50) in the form

in whic (A 1 + XA 2 + A3rdsde 6o

in which

] A = ISl + ef [C]i sl + Ldj [Pd [dj

il10 12D0

+ IX,XI,yjW N- - 0

J f

0 0 i140 + N 20) 'y

1 2-25
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A2  = 2Le j [c].s + • + Ldj [pv] [d]
-- v -v i

N1 2OLIN Nl 2 OLIN X

+ [x*,'•] NI2OLIN N2OLIN 0 L (62)

--L

with

- v v I fv!(63) "N V N V + LC Ije v

2OLIN 2OLIN l2i

v - V + LC efv
12OLIN 1 12OLIN + o 3 "

Sv v -

rNONL NI120NL x

A. IJ i I + Lx" . J v v•.., =_ I [ . 120NL •2oNL Y 64

a 0 v + 4v

c(N1 OL N2 0NL) 'Y

w it h1

NCv LC jevv Nv v = Lcvv ""vv1NLo••:f]i e A 0 N2ONL =C21J!oI.

(65)

N [7 C 3

The second variation of the shell strain energy and pressure-rotation

effect given by Eq. (60) with Eqs. (61) - (65) is valid for arbitrary

segi•icits of shells of revolution with arbitrary nonsymnnaetric prestress

distributions. It is an integro-differential form. The discretization

model is shown in Fig. 3.
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2.5.3 Ping Strain E:.?rgy and Rad-ial-Line-Load-Rotation Effect

The ring strain energy an2 radial -. ine-load -rotation effect has a fcrm

analogous to Eq. (38)

r

I Ur 2jjr [G r L

jv: ! +H/ [vcC) rcdo (66)

"c 0o H/'rc

rI in which the ring hoop strain vector •ris given by:

t e r 3/ 1 , " - ; ; ; c + W I/ + + (c6 7

= I k (68)

S(68)

I Subscript c denotes "ring centroid" or shear center. Fig. 21 shows

u, vc wr• In Eq. (66) [G] is the ,;x4 ring constitutive law:
* -7

ErA 0 0 0
r

o E I -El 0
[G]i r y r xy (6!)

O -ElI El1 0
r xy X

0 0 0 GJ

[N•4 is the .our-coflq)onellt vector of' ring therrmal loads
r
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., " -- _i - i._-'-• _ • '-• • •" • -- - ..- - - •- .... y-- L..n.~... t.... -----

7! -

T - E
r r CrTdA

T T + ErTxdA (70)

M T arDTyd-Ay r

0 0

and H is the radial load/length applied to the ring centroidal axis, positive

as shown in Fig. 21.

We follow the same development as with the shell strain energy. The

second variation of ring energv is given by an expression analogous to

Eq. (50):

[+2 Zl ++,2r2J (fGi ~l [G [VeT 1 J [+ I-J/rj w (G1)

+] [w inter c Hr I 9(1

in which J is given by Eq. (67) with variables u v inter-

preted as variations; and with the nonlinear term in . , that is

[L + replaced by *eo~ c + ycoyc The quantity C_ is given by:

f-21 0 C(2)

0 I

1 2and - and T are the linear and nonlinear parts, respectively f

tile prestrtess strain tulven by Eq. (6Y) with subscripts zero.

Again, as in the case of the shell strain energy and applied loads, wie

consider "fixed" and "variable" loads separately, so that
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Iwpm

1-r 1 r + ?l + Tl H =Hf + H

(73)
I -T -T -+ .l f + v(3

N + N Cr 6 o + Crr rf rv ro ro ro

I 2 ff fv vv
Cro Cro ro + 6ro

The discrete ring energy then has a form completely analogous to Eq. (60)

i in which

1 _i

[, + C J [G J l + Frl- + Ldc [Hf ][dI
1 re

* + 2 ~rf(74)

Ld LJ =Lv w i [Ht [H/c
h L c c) H'/r (75

[ f]tf +F r = G ro + -ro-+$ N o

2 rv Frs + Erff
:2[j I _[c _... l 1 LdJ[HVI{dj (y

(-76)

J+ K + (F ( + [] fvC! +Y 7c FvLIN •ro' ••_

3* with

Frl = [G' v + N T
rvLIN -CroC rv

and

I L GI [rt 2 .+ ) [G] Irv (78)A3 =Lrvl' [G rv K • c + 'c

I The expressions (74), (76), and (78) for the ring are clearly analogous

to those for the shell [Eqs. (61), (62), and (64)j. The above ring

equations are valid for nonsynanetric prestress. If the prestress solution 1
is axisymmetric the following expressions result:
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A 1  1?1~ [ J{' w 1 <

s+l Hq- 2 +

+ ( + y2) [Gliwf/rc -fE fdAI (79)

A2  =* + y2 )[GllJ/r, ~ vV dA] + Hv v 2+ w) /r ~ (80)

A3  =0 (81)

in which F is the linear part of the strain vector given by Eq. (67).

2.5.4 Constraint Conditions

The constraint conditions are handled in a manner analogous to that IH

described for the axisyxmnetric prestress analysis. The constraint con-

ditions given in vector form by Eq. (4) are

Uc K1,f(U u + d l-) +2ý2Iv*+ + d 1 vK: ( -u ~ +\v - v + d(C *-v,,)/r-

(82)
"+2  K~x3 (w+ •- -d)+ ( - (82+ d' •-ir- I -+ K- Wd 2 X ) 4X4(X+ X-x) "

in which d and d2 are the radial and axial components of the merid- J

ional discontinuity or support point eccentricity as shown in Fig. 19.

Starred quantities are displacement components in the "global" coordinate *

system, as shown in Fig. ý20.

2.5.5 Variable Transformations

The components of energy of the system are represented by the shell strain

energy U. [Eq. (1)], the strain energy of a discrete ring Ur [Eq. (2)], the

potential energy of line loads U and normal pressure and surface tractions
p1

U 2 [Eqs. (3)], the shiell kinebic energy T [Eq. (2.20) of Ref .33, and the

discrete ring kine tic energy T. [Eqs. (2.21) of Ref. 33. The constraint con- I

ditions U are iwven by Eas. (4).
C;

It is desired to express all energy components in terms of the shell

reference surface displacements u, v, and w. The displacements uc, VC,
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and w of the ring centroid (Fig. 21), which appear in Eqs. (79) - (81) are
C

given by

uc = elX V v e* (W( v)/r -e2 /

I x4' -"X(3 . (83)
V w -i e2
c 2X

I The ring eccentricity components e1 and e2  are shown in Fig. 21. The

axial, circumferential and radial displacement components u v V , and w

which appear in Fig. 20, are given by

* * *R

u -= u r/2 - W rt

Iv ( v (84)

•w = ur' + w r/R

Eqs. (83) and (84) can be used to eliminate uc, Vc, v,, u , v , anid w

from the energy components and constraint conditions. The dependent

anvariables are then u, v, w and the Lagrange multipliers x1 ' X2, %3'and X4.

j The total energy in the system is obtained by sunming over all shell

segments, discrete ring stiffeners, and junctures.

2.5.6 Separation of Variables

I The dependent variables u, v, and w are ftuctions of arc length s

and circunmferential cooxdinate 0. The O-dependence can be eliminated from

the analysis by the assumption that,

max max

u(S,0) Ul (s) sin no +± Un2(S) cos nO

n=n,, nami

I ~ ~v(s,o) V~ (s) cos no + ~ s si ON (5
n: 1 s) nO ,I s (

w(s,)1 i no + n2(5)cos nO
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The temperature distribution, surface tractions and pressures, and thermal

and mechanicil line loads have similar expansions:

T(s'e T (ST ) sin no + T (s cos no 1Sn n2,

n

p (s, G) Gas n os p+ Z( sin o no

n nI

!:

v(e) = Z V1  ine v2 osn

n n (86)S()) Z (n S cos n o + S n2 si inone

nn n
H(s,) = H (l sinn+ Hn 2 co n c i i
M(O) = Mn1 sin net + n 2 cos noi

3 3nl 3n(s

lNTe) = Z' NTrn si°w 05n

n

M(o) Z sin n r + CMT
y xfl z+ j . ? :n i n2

nW

n n2

In the BQSC)R4 program large deflectians are permitted in the axisym-

metric components, but the nonsyrmietric harmonics are considered to be
small. The various harmonics do not couple, and a solution for each

un(s), vn(s)., and w (s) can-be obtained with the circumferential wave-

number n appearing as a parameter in the analysis. The 0 integration
indicated in Eqs. (]) is replaced by a factor of n for n / 0 and
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I
2r for n = 0. In a linear stress analysis for nonsy-metrically loaded

shells the static response of a shell to arbitrarily varying loads is ob-

tained by superposition. (In this case even the axisymnirctric components

are assumed to be small.) In buckling and vibration analyses the "small."

deflections unl, Vnl, Wnl, Un2, Vn2, 'n2 are considered to be kine-

matically ad.missible variations from the "prebuckled" or "prestressed"

Iaxisynetric state represented by the large deflections uo(s) and wO(S)
determined in the nonlinear prebuckling analysis.

In the linear analysis for nonsymmetric behavior and in the buckling

and vibration analyses the second sunmmations in Eqs. (85) and (86) can be

I represented by negative values of the wavenumber n . Positive values of

n correspond to the first summations. In the remainder of this section

the subscripts ( )n1 and ( )n2 will be dropped. It is emphasized that

5he analysis and comjuter program are also valid for negative values of n

2.5.-7 Finite Difference Scheme

The O dependence has been replaced with a circumferential wave-

number n , so that only one independent variable remains - the arc length

s . Figure 3 shows a shell meridian with the finite difference discretiza-

tion. The continuous variables u(s), v(s) and w(s) are replaced by

discrete variables ui, v, and w. The u. and v. occur at stations mid-
.• 1 1 1

way between the w. This arrangement of discrete variables has been de-

termined to be superior to an arrangement in which ui, vi, and w. corres-
1

i pond to displacement components at a single point. Detailed comparisons

between the two schemes for constant mesh spacing are given in Ref. ].5.

The energy is evaluated at the midpoint of the integration area, denoted

in Fig. 3 by a heavy line. At the energy point "E", u, v, and s-derivatives

u' and v' are given by:

u = (ui + ui-1)/2 v = (v. i + v )•_'2.

u' = (ui - II 1)/'e v' = (v. - v.i)/,

I- ±n which Z is the length of the finite difference "element". The normal
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displacement w and its defivatives w' and w" are given by Eq. (9).

The s-integration indicated in Eqs. (1) and (3) is performed numer-

ically by multiplication of the energy density at 'E" in Fig. 3 by the

element length 1,.

With the substitution of Eqs. (85) and (86) in the various energy

components and constraint conditions, the replacement of s-derivatives i
by Eqs. (87) and (9), the replacement of time derivatives by a frequency

parameter and the numerical integration over s and exact integration J
over e , the system energy and constraint conditions can be represented

as an algebraic form which contains as dependent variables ui, vi, and

wi and the Lagrange multipliers k1, X21 X3., and k4 (for each juncture

and constraint condition). The algebraic form also contains as parameters

the shell and ring properties, the loads and temperature, and the frequency

parameter f2•

2.5.8 Transfcrmation of Energy to Algebraic Form

To express the second variation of the energy as an algebraic form, I
we must operate on the integro-differential forms given by Eqs. (60) with

Eqs. (61) - (65) (Shell strain energy and pressure-rotation eff- ct), Eq. 1
(6o) with Eqs. (79) - (81) (Discrete ring strain energy), and Eq. (82)

(Constraliiu conditions). The kinetic energy expressions are given in Ref. 3

and will not be repeated here. They are unchanged from the BgSgR3 analysis 11
except for the fact that the discrete model now includes variable mesh

spa c ing.

X3tpression of the energy in algebraic form is performed in Subroutine

:nm L1 £ni .3ul outine calculates the stiffness matrix, load-geometric]I
2

m• x ix, matrix, mass matrix, and load vector for the linear stress buck-

14 a2'. vf- tU f nalyses. In the equations which follow certain variables 3.
end st <,on _ 3 - .-n - STADIL are identified. This identification enables the

s.C:r t: u rstU . the program more thoroughly. I
In Lq. ((0) the ½;lements of the matrices A1, A,, and A, are functions.

"2 expr..is the enecgy density at the midlength of a finite difference element,

wL inti" duce a vector Lqi, dfined as
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"- %3M, 2., 11M. , 10, • IP, 12P, 13P

SI _ -L 1 1 l l± i± ±±I i[q] , 1  N]' q,2 _l q1 , q1 +1 , qi-+2 ' qj+3j (8

in which w.1 , ui etc. are shown in Fig. 3. If e-derivatives in Eqs.

(40) and (51) are eliminated by means of separation of variables, as

shown in Eqs. (85), and approjriate finite difference formulas such as

I those given by Eqs. (9) and (87) are introduced to eliminate s-derivatives

of u, v, and w and to express u, v, and w themselves in terms of nodal

3 quantities, the following definitions can be made:

UBNVD,WB

1 1 6X7 7 3x7 7

43 B] fq3 [d] [u,v,w] = D] fq]

GE TB 1

3x7-7 (89)
| I~x,t,Y,] = [[Ri{o]

GETR0I

If the prestress is axisymmietric the quantity Cv given by Eq. (54) is

3 simplified to

CHIfVAR

So (90)

With Eqs. (89) and (90) used in Eqs. (61) - (65) and the assumption of

axisyzmtetric prestress, the shell energy density arrays Al, A2 , and A3

at an element centroid can be written in the algebraic form:

MATMU4(C,Bl,U,6,7,i) GETF MATMU4(FRE,ROT,U,3,7,1)

A1 = [qJ( BT C B + DT Pf D + RT Pf R )fq) (91)

3i
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Av [qJ ~Ii )c + JR .ncl ii Bj
2 OI J Lc

(92)
] -1

+ 0LJLii Ri + iVc3ij IL'2 ii

GETP

Tv• D • DT RV
+D PD + JJIN,) I

,. q] RT T mm v R [q] (93)

ill which

N 0 0 O

N IO NN!OLIN -- v 019

N 0 N2 0  0 NLIN 0 52OLIN 0 (94)

10 20 (viOLIN + 'nihIr 0 0

FNIONL 0 1

Nl.NL

,\1v 0 NV 0

NL N20NL
ONV 20NL) 4'

v0

X 0 0 C1 CIr2 0ll
V i 0 0 Cmem= C2 C22

0 Oh d t C 3 3 j

in a simi-ar way the discrete ring strain energy can be expressed in terms of

the nodal point isiriables corresponding to the attachment point of the ii-ig. 1

The following deL'ai.tions arc useful:
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RHF.X (IK)

F f G 1 1 wj /r c JEr arTf

RHFIK

F V = V ~~/r -JE r JvdA

4 x4
[B I [B(95)

* Ž x4 v v I~ 4x7

c j: E*D from GETE, GETD

The con)tvibution of a discret,'ý ring to the matrices A1 , A 2 , and A 3 is

GETG

q T B r G B rr 
r ) T ( 

96

A q T iv + R T Ri, T [qlg 2 LqT(t r

3
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ill which

0 0 0 0

-fH
0 0

G 0 0 0r re

0 0 0 0

0 0 0 0
o f o

•, Ff

0 0 0 0

The stw ility constraint conditions are handled ill a way anal.. -ous to

those for tLne prebucl-inrg problem. We are interested in cal.culating

aUe!•qi Y which from Eq. (82) is given by

q = Ui + X2V 1 + 2 3 W + W 4X
(99)

+ 6. 52V -6i3w +6i

ill which

U.i K [ - ýq + d -.

D(l,I) QD(1,T)

•*+ ]_ * - *-,+2'
61  2 q. r aq . r q I

D(2,1) Qr(2, 1
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L i XIw = K3[ -w. w• .d •

b D(3,I) Q•(,I) (iO,

I x 1 Kj~.&~..jCont 'a):.X,. K• 4 X -ci -)q

n(4,I) QD(4..I)

5 U-K,,( *- d*1-) ; V =K 2 - v + - v*)/r + da /r

W W W - d2 X-) ; X K4 (x X-)

3 2 4(XI

The computer arrays D(lI) - DV,I) and QD(lI) - QD(4,I) appear in

I STABIh. The variables K1  K 2 , K3 , and K1, are called FTFXl FIFX2,

FIFX3, and FIFX4, respectively.

The local matrices A1 , A2 , and A3 are multiplied by rts or rL

to get the energy onceC the ener;y density is known. In stress, buckling,,

and vibration problems A1  is called the local stiffness matrix; in buck-

ling problems A2o is comnmonly called the "load-geometric" matrix cnd A3

j is called the "X7-matrix" because it is mxldiplied by In subroutine

STABIL if IBUCK=l the local stiffness matrix AI is being calculated; if

IBUCK=2 the local load-geometric matrix A2  is being calculated; if

IBUCK-3 the local mass matrix M is being calculated, and if IBUCK=4
2_the local X -matrix is being calculated. Assembly of these local matrices

into Whe corresponding global matrices K1 , K2 , , ad M is accomilished

in a manner completely analogous to that described in connection aith the

J axisyfmetric prebuckling analysis. The role of the global matrices K,, K2,

and K3 is implied in Eq. (37).

For a better understanding of the form of the globul stiffness matrix

and the method by which the constraint conditions enter the algorithm, the

j reader is referred to the section on prebuckling analysis and Figure,. 'T-16.

The algorithm for nonsymmetric linear stress, bickling, and vibration

I analyses, the subroutine STABIL., is analogous to subrouni ne PPRSTS in is

K regard. Note from, Figures 4-6 that in the prestress unalysis the local

matrices labelea 'tCB" are 5X5 and the constraint condition matrices "QD"
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I i
and 'V" are 3X5. In the Ilonsýzmrietric stress, buckling, and vibration analyses

the local stiffness, load-geometric, x , and mass matrices are 7X7 and "QD"

and "D" are 4×x.

I A flow chart of STABIL is shown in Fig. 22.

2.5.9 Linear Stress Analysis for Symmetrically and Nonsymmetrically Loaded Shells

The linear stress analysis is based on the same equations as the stabilityL

and vibrration analysis, except that the "prestress" terms which appear in the
F stability and vibration quadratic forai are not present, and the energy fuure-

tional is not homogeneous, since a "right-hand-side" load vector is non-zero.

This load vector arises from the thermal terms in Eqs. (i) and (2) and the

linear load terms in Eqs. (3). The thermal and mechanical loads are distributed K

circumferentially as given in Eqs. (86).

The load terms corresponding to distributed thermal and mechanical loads

are calculated in Subroutine SRBS, which is called from STABIL; the line thermal

and ,eichpnical loads are calculated in Subroutine RRHS, which is also called

from STABIL.

2.6 Solution of the Eigenvalue Problems

In the bifurcation buckling problem the eigenvalues \ are sought for

the system

K~x + xK2 x + XK, 0 (37)
.t 3

22

In the vibration analyses the eigenvalues c2 are sought for the system

Kix 2M. (±101)S-~2b - o lC

Ili bifurcation buckLing problems with ionlinear prestress analysis Eq. (3Y)

is solved for the smallest N only. This solution is obtained in Subroutine

EIGEN. In bifurcation bunklinirg problems wit1h linfear Tprssl'Pss n97,!lysis

Eq. (37) is solved for the smallest IVEC eigenvalues for each circumfreren-

tial waverrumber, i . Subroutine EBANID, written by Frank Bro-gan1 is used for
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I

the analysis. In modal vibration analysis Eq. (101) is solved for the snallest

I ~NvEC eigenvalues for each n. Subroutine EBAND2, written by Frank Brogan, is

used. In all cases the eigenvalues are determined by the inverse power method

I with spectral shifts.

The "quadratic" eigenvalue problem given by Eq. (37) can be expressed in

the form

Pz = XQz (102)

n in the following way:

* Let
Y = -XK3 x 

(103)

then from Eq. (37)

Klx = -XK2x + (y (104)

Eqs. (0.03) and (1o4) can be expressed in the matrix formIK
0 x 1 ,(105)f

which is the form of Eq. (102). If is the shift scalar, each inverse

power iteration has the form

I* (P - )z =S Q Z (106)n - n' n

in which s is a normalizing vector. Eq. (106) can be written in termsn

of x and y , as follows:

(K 1 + PK2 + p2K3 )X n+1 - 8n[(-K2  - K3 )Xn + Y 1.

K Yn+l = PK 3 Xn+- sK n (Ko7)

I
5 inverse power iteraTorns continue uitil the eigenvalue

- (s x .Xn+l)/(Xn+l.xn+l) (108)
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15,5 converged to a pre-determined number of significant figures.

If several eigenvalues are being sought, it is necessary to orthogonalize

the system with respect to those eigenvectors alr-eady calculated. This is

done for buckling and vibration problems in subroutines 0RTH0 and ORTJ102,

respectively. In 0RTHP, which is called from EBAIND, the orthogonalization

.,zocess is based on the system

_K K 1 F-K- I } (i05)

L 3j

Ii tu- represents an eigenvector, then

x - K2 u 1).x + u -.yI
ne,,L ulud ( ; - K2u1).u +'~(I li

IXY~~ ne "y 21u•"'

ID bifurcation buckling analyses in which nonlinear prebuckli.g effects

are Jc]uded, the eJrenvalue X represents a quantity to be multiplied_

by the difference between two known prestress distributions: the one

correspo-ading to a load P, for example, and stored in array PSFIX in

subroutine STABIL; and the other corresponding to a load P + DP and stored

in array PSVAR in subroutine STABIL.

Initially P and DP are set by the program user. For example,

P, 0 , DPo -1.0. The eigenvalue it corresponding to n circumferen-

tiil w ives is calculated. Thc wavenumber n is varied until a minimum

value , k(n) is determined. The nonlineur prestress analysis i. then

perfo~iioed for P1 = P 0 X-DP' . DPI is set equal to P1l/l00D and the

nolfincdr ]Jrestress analysis is performed for P 2 = PI + DPI. The pre-

stŽAess sistribution corresponding to 1 is stored in PSFIX and that

correspionding to P2 is stored in PSVAR. The stiffness matrix KI in-

eJues PSF.T terms. The "load-geometric If matrix

K. incl]ude terms involving thc difference PSVAR-FSFITX. A new x : N2
is ealculaLed(, and a new load 1) 3 1)P2 + X2DPI is thus deterimined.
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Iterations continue until xkDP, is smaller than .005Pk

With this technique it is possible that the origin Pk of the eigen-

value problem gets shifted too much, such that the new origin is closer to

the second or higher eigenvalue than it is to the first. To avoid result-

ing convergence to a higher root, careful track is maintained in EIGEN of

the number of' negative roots of the shifted system. In this way convergence

to the fundamental buckling load is assured,

I
I
I

I

II
I
I
I
I
I
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Section 3

BOSOR4 PROGR.AM ORGANIZATIONI
'he B0S0R4 program consists of a main program MAIN and six overlays called

READIT, PRE, ARRAYS, BUCKLE, MODE, and PLOT. Figures 23(a-g) show the overall

Univac 1108 program organization. Figure 23(h) gives the core storage required

for each of the program segments for the CDC 6600. For the Univac 1108, EXEC 8,

core storage allocations are given in decimal for the code and the data in

Appendix C. The 1108, EXEC 8 version is written in double precision FORTRAN IV.

The CDC 6600 version is written in single precision. In Figs. 23(a-g) a box

around a subroutine name indicates that this subroutine calls other subroutines.

The names of the subroutines called are given only the first time the name of

the calling-subroutine apear

3,1 Flow of Calculations

I Overall control in BOSOR4 depends on an integer INDIC. The various types

of analyses chosen by the- input variable INDIC are listed in Section 1.1.

SThe flow of calculations for each value of INDIC is given in Figs. 24(a),

which is a flow chart of the main program, MAIN. Figures 24(b-g) are flow

J charts of some of the more important subroutines in BOSOR4. Flaw charts of

PRESTS and STABIL are given in Figs. 17 and 22, respectively. A brief de-

J ocription of the flu, of calculations within each overlay follows.

All of the input data are read in READIT. A call to ?PADIT also causes

results of calculations to be printed out. Some general data which pertain

to the entire shell are read in first. Then for each shell segment the

meridian geometry (GEOMTY), discrete ring properties (RGDATA), mechanical

and thermal line loads (LINELD), pressure distribution (DISTP), temperature

distribution (DISTT), and shell wall properties (WALLCF) are read in.

Figure 23(b) shows all of the subroutines called in the first overlay. The

subroutine GASP, which is callea in several places, causes certain data to

be stored on and read from drum or disk. These data will be used in the

calculations to be performed in other overlays. The calculations in the

overlay READIT are performed in single precision on both the 1108 and

CDC 6600. A flow chart of READIT is given in Fig. 24(b).
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The nonlinear stress analysis for axisymmetric behavior of axisymmetric
systems is performed in the overlay PRE, a flow chlart of which is given in

.ig. 24(c) ' The subroutines called from PRE are shown in Fig. 23(c). Data

for shell and discrete ring properties, temperature and pressure distributions, i

and thermal and mechnical line loads are read into core from drumn or disk

(GASP), "variable" loads are increased or decreased by appropriate increments

or decrements (LOADS), the coefficient matrix ýUo/ýq.?q and the "right-hand-

*side" vector -6U/ýqi are derived for the current Newton-Raphson iteration
0 i

(APREB), the coefficient matrix is factored (FACTR), the equation system is

solved for the Aqj (SOLVE), if iterations fail to converge the load is re-

set to the last value at which convergence was achieved (UNLOAD), and the

prebuckling or prestress stress resultants and stresses are calculated from

ithe coniverged displacement vector (PREB). These prestress quantities are

stored oi the drum or disk for later use in the buckling and vibration analy-

sis and for later plotting. Figure 17 gives a flow chart of PRESTS, in which

the linear equation system for each Newton-Raphson iteration is set up.

In the next overlay ARRAYS the coefficient matrices corresponding to

the buckling analysis, vibration analysis, and linear symmetric and non-

symmetric stress analysis are derived. A flow chart of ARRAYS is given in

Fig. 24(d). Figure 23(d) shows all the subroutines called from ARRAYS.

If[ INDIC = 3 the load vector Q is calculated in ARRAYS and the linear

system KX = Q is solved for given circumlferential wavenumber, N. De-

preading on INDIC various coefficient matrices are derived. With buckling

analyses, for example, three matrices are obtained in ARRAYS for each value

of N , the number of circumferenti.al waves: the stiffness matrix K for

tile composite shell which corresponds to the structure loaded by the "fixed"

parts of the loads (sec Section 2.5); toe "load-geometric" matrix K ' which
2 2

contains the linear eigenvaluc parameters, and the "K2"i matrix K which con-
3

tains the quadratic cigcurvaluc pearameters. These matrices are derived for

a given value of the circumferential wavenumber N. Figure 22 gives the

J.'fow chart of STABIL. The "fixed" and "variable" prestress matrices FSFD(

arid PSVAR contain elements which were derifed in the overlay PRE and stored

on drum or disk. The arrays K, , X- and K-. are stored] nn drum, or disk in --

biocks of length IMAXB for use by the next overlay BUCKLE. In modal vibra-

tion analysis two matrices are derived in ARRAYS: the stiffness matrix ]F1
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for the prestressed shell, and the mass matrix M. These arrays are storedI on drum or disk in blocks of length IMAXB for later use in overJ.ay BUCKLE.

*, The liiear equation system for the stability or vibration analysis is

U Solved in the overlay BUCKIE, a flow chart of which appears in Fig. 2 4 (e).
Figure 23(e) shows all the subroutines which are called by BUCKLE. Subroutine

"BUCKLE is called for each value of the circumferential wavenumber N. The

arrays derived in ARRAYS are read in from drum or disk.

If INDIC = 1 (linear buckling analysis) the eigenvalue problem

(KI +ýK 2 + 2 K 3 )[x3 = 0il

is solved for the first NVEC eigenvalues with the correct sign (EBAND).

In many structural systems buckling is physically possible with loads
of opposite sign than those actually present. Therefore in EBAND eigen-

values which are negative ire not counted as "accepted" roots. It is
possible, for example, for the user to specify NVEC = 3 and for more than

eigenvalues to be obtained. The negative eigenvalues are given (printed
out), and orthogonalizations (0RTH0) are of course perforned with respec-i3 to their associated eigenvectors, but calculations will continue until the

Irescribed number (NVEC) of positive eigenvalues has been determined. WithSINDIC = 2 the eigenvalue problem to be solved foor NVEC eigenvalues is

(K 1 - QM) {x} = 0 (112)

in which M ir the mass matrix. (M, incidentally, is not diagonal because
u i and v. are at "half" stations and discrete ring rotatory inertia is

included.) This solution occurs in subroutine EBAND2. The procedure for3 finding the lowest buckling load with nonlinear prebuckling effects in-

eluded is described in Section 2.6.

I
I
I
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Figure 24(f) is a flow chart of the overlay MODE. In this overlay the

solution vectors of" tire linear stress, buckling, and vibration analyse;s are H
proec sed. to provide displacemrent arid stress or stress resultant distributions

ini the s;hell anid iii the discrete rings . Figure 23(f) shows3 the subrout~ines

which are called from MODE. Figure 24 (g) is a flow chart of the overlay

i'LUi. Ill this overlay the data which are printed out from READIT(2) are

plotted. Figure 23(g) shows the subroutines which are called from PLOT.

These routines are written for the SC4020 plotter. a

3I-

ii I

Ie

'I
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I
Section 4

I INPUT DATA

I 4.1 Tables with Input Data

'Tables 2-3 give the input data for BOSOR4. The tables show the data names

and definitions of the program variables. Further explanation for some of the

data variables is provided in Section 1, Tables 1.1 - 1.3, and Section 4.2

below. The tables are presented in the order in which the data are read in.

THE FORMAT OF INTEGER VARIABLES (VARIABLES WITH NAMES BEGINNING WITH I, J, K,

LP M, N) IS 1016; THE FORMAT OF FLOATING-POINT VARIABLES IS 6E12.8. Figure

25 shows the general arrangeument of a data deck for the BOSOR4 program.

3 Tables 4-10 show the input data for samples cases 1-7, respectively.

Cases 1-6 are shown in Figs. 26-31, respectively; and Case 7 is shown in1 Fig. 36. The output for these cases is described in Section 6. Reference 3

contains other sample cases, in particular cases based on the complex shell

shown in Fig. 1. The input data for these cases are very similar to those for

B0SOR4, although it is riot identical.

I Several of the input data definitions in Table 2 contain the advice

"Se Section 1.5 ") or "See Table 1.2", etc. The user must follow this advice,

especially during his initial acquaintance with BOSOR4.

4.2 Input Variab Lea which Require Judgment

Some judgme t is required in the selection of some of the input quantitics

listed in Tables 2-3. A knowledge of shell theory is helpful in this regard.

J These input quantities are given below.

INDIC ... Control integer for type of analysis. It is often advisable
in buckling analyses to use INDIC = 1 with a rather wide range
for N for the first run through the computer (linear buck--
ling analysis). With this choice NVEC buckling loads are ob-

i tained for circumferential wavenumbers from N = NOB to N = NMAYB I
in steps of INCRB. The user can obtain multiple buckling loads
st a given N only with INDIC = 1 and 4. Computer time is
ofteit saved in this manner, since the wavenumber corresponding
to t~i:e minimum load is often not known a priori, even approx-
iiat,;ly. Aio•, there are cases for which two minima exist,
and the user must find the absolute minimum. With INDIC = -1,
oi- Ly I he relative minimum will be found unless more than one
case s rumn, each case with its own range of N.
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The capability of finding more than one buckling aoad ait a
given N is particularly useful to the designer who wishes
to find the buckling allowable of a complex shell such as
that shown in Fig. 1. Tlfe. lowest buckling pressure might
correspond to bucklingr of the cylinder, but at a few psi
higher the ogive might buckle. Thus, the designer would not
greatly improve the overall structure by strengthening just
the cylinder. He must know the loads for which each of the
segments buckles when these segments are analyzed as part of
a larger structure.

In cases for which two eigenvalues are close together or for
fhich bifurcation buckling loads are close to axisymmetric

col]apse loads, it is occasionally advisable to use INDIC = -2.
In this way the first vanishing point of the stability determ-
inant is approached gradually, and ±.f axisyimmetric collapse -7

occurs at higher loads than nonsymmetric buckling, the sta-
bility determinant will change sign and the bifurcation
buckling load will be determined.

With INDIC = 4 there are two possible flows of calculations:
If IPRE = 0 the prebuckling stress resultants N1 0 and N2 3
and the prebuckling meridional rotation X0  are read in
directly for a certain numiber, NSTRES, ol merlidional stations. .

Liiit'ii iruurpula Lion is performed internally for cai-culation
of these prebuckling quantities at all of the mesh stations
of each segment. Buckling loads (NVEC eigenvalues for each
circumferential wave number N) are then calculated for the
range NOB to NMAXB in steps of INCRB. f IPRE, / 0 the re-
buckling quantities are calculated from the linear th.eory for
nonsy-mmetrically loaded shells, just as if INDIC were equal
to 3. The user preselects the meridian (vaue of E, called
THETAS in Table 2) which be feels represents the "worst" re-
stress from the point of view of stability. For example, a

cylinder submitted to external pressure which varies around
the circumference will inenerally buckle where the pressure 1has

the highest omplitude. The B0SýR4 program will use the meri-

dional stress distribution at 0 = THETAS in the stability
calculations. In the stability analysis the flow of e.lcu-
lations for both cases IPRE = 0 and IPRE / 0 is the same as
that for INDIC = 1.

11OB, I'MINB, NMAXB ... Iniitial circumferential wave number, minimum wave number,
maximumi wave number. Judgment is required here in the case of
bucklingj analyses, for which t1 e minimum buckling load with
circuimferential wave number is being searched for. The com-
puter times goes up approximately linearly with the number of
values of wave number N which must be investigated in order
to find the miniiilmum. Experimental evidence is of course very

L~ie± ki W U~tI illailisU 50U.ci uic i OD, MIWI'I, aria iTNAiXItAf

If none is availtble the user is advised to try the following

formula s:
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(1) For monocoque deep shclls, axial com•ipression: 112(1

N = [(Nominal circumferential rad. of curv.)/t] (1 - L,)

(2) For shallow splerical caps supported rigidly at ther_ edges;
external pressure

N = 'l 2 -*(R/t)

I (3) For axially compressed conical shells and frustrums

Use formula 1 where the circumferential radius of curvature,
iR, is the average oa' the curvatures at the ends.

(4) Spherical segments of any depth under axial tension

N = 1.8*(R/t)l1 1 
in [y1 + 4.2 (t/R)1/21

where o, and o• are the meridional angles at the segment
beginning and end, respectively.

3 (5) "Square" buckles for short shells or paneJ bucklinC

N = rr!L, where L is the shell are length.

The above list of formulas is by no means complete. However,
notice that (R/t)l/2 is a significant parameter. If N is
known for a shell of a given geometry loaded in a certain way,
a new value can be predicted for a new ,/t through the knowledge
that N often seems to vary as (R/t)l/ 2 *. (R is the circum-
ferential radius of curvature.) Experience in the use of the
program will lead to further competence in the select~on of
appropriate values for NOB, the initial guess at N. The user
must be sure that the input range NMNB 5. NNAX)B includes

I the minimum iniium buckling load. (see pitalls)

With INDIC 3 and synunetric and nonsv•metrie load harmonics
with both sin NE and cos •G components, the user must

I i-c-lude both negative and pos' Live values of N in the range.

With INDIC = 1 or 2 the program calculates buckling loads or
vibration frequencies, respectively, for N ý NOB through NIAXB
or NMINB in increments INCRB. A minimum buckling load with wave
number is not sought automatically. That is, INCRB is not changed
during the calculations.

INCBB ... Initial value for the increment (or decrement) by which N is
increased or decreased in buckling and vibration problems.
In the scrch for the minimum buckling load, for example,
one may only be certain that the N corresponding to the
minimum buckling load lies in the range 2 - 1N 1-00. One
might, therefore, choose INCRB = 10 and "zero in" r11 a mor-
accurate value in an additional run. If INDIC = 3 the value
of INCR (positive or nugative, magnitude) depends upon which
i -Jrcui•fTh' tia-load h troinics are present.
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]NVEC ... ]Number of eigenvalues to be calculated for each value of iN.
Applies only if INDIC = 1, 2 or 4. The number of el.genvnlues
to be calculated depends to a great extent on computer time i J
available to the user sod the number of mesh points being1

used in the particular case. If one tries 'to find many cigen-
vnlues of a system with few degrees of freedom, the higher
eigenvalues will not be accurately determined. In general.] it
is advisable with BOSgRl4 to keep) UVEC between I and 20. B0S0Pb
contains an eigenvalue shift capability. }[ence, negative eiget-

Svalues are not inluded as "acceptable" roots, even thiu22 h2

Sthey are calculated and printed out.- Al so there is no loss inaccu):,cy of successive roots as occurs inD ai-alyses with no

1FIX, IFIXB Displacement restraint coefficients. Although most practical
shelf. structures are supported at their ends by discrete rings
or other st~ructures which can be modeled as discrete rings, it
is often desJ.rabpe t, beh, able to specify any combination of the
disp.lacemeuts u , v , w , and the meridional rotation X equal
to zero at the boundaries of the composite shell. These re-

struints may be applied even though there is a ring present at
the boundary. The displacements can be specified equal to zero
at a support point which doeo not necessarily correspond to the
edge of the reference sur'face. In Fig. 1 is shown a shell.
whict) has a support (iu w0 0) at a po•nt 'A: which is re--
moved a certain distance from the end of the reference surface
meridian.

Certain displacement restraint conditions apply for planes ofi
symmetry in shell structures. In buckling problems if use is
made of symmetry conditions one must test for buckling loads
corresponding to males both symmetric and antisymmetic at •*

that end of the shell which corresponds to its plane of s-ymnetry.

If one wishes to analyze a shell with a ring support at a pllane
of symmetry, one may cut the shell ut the ring station a1d use
as ring modulus ER, torsional rigidity GJ, and mass density;
p , one-half the actual quantities. The other ring properties
such as AREA, IY, IX, Eil E2 remain unchanged.

DP(1), D2(1) ... Axial, radial discontinuities in meridian between adjacent
segments or distances from support points to meridian. The
specification of these parameters sometimers depends upon how
the user decides to construct the model of the actual composite
slei] structure. A shell with discrete rings, for uxample,
might be modeled as a single segment with the discrete rilngs
considered to be attached at certain points along the meriaian.
In this case the analysis "permits" the. shell wall to beAd under
the portion of the ring_ which is attac.;ed to it, since the
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attachment point is assumed to have zero length. however, the
analyst can also treat the same problem as a shell of many
segments in which the portions of shell wall in contact with
the discrete rings are considered to be parts of the rings.
In this case discontinuities exist between the reference sur-
faces of adjacent segments. In especially important cases
the user is urged to model the structure in various ways and
to compare the results. It is particularly advantageous to
construct the models in such ways as to obtain apper and lower
bounds on stresses, buckling loads, and -ibration frequencies.

P, DP, TEYMP, VEEMP ... Tixed" pressure, '"variable" pressure. 'Yixed" temper-
ature rise, "variable" temperatiure rise. In BDS0Rh, if INPIC / 3,
the pressure distribution on the shell reference surface isI given by

P*f (s) or DP*f(s )

where f(s) is the meridiona] distribution, read in as in-
dicated in Table 2 (P.I, PI2, etc., iT, PC, etc.). The
temperature distribution has an analogous form. TEMP must
equal unity and DTEMP = 0 if any shell segmaent has NWALL = 8
(temperature-dependent material properties).

NPSTAT. NTSTAT ... Number of meridional stations in current shell segment for
which pressure, temperature are called out. Arbitrary pressure
and temperature distributions are permitted in BO13S04. The user3 can supply pressures and temperatures at certain stations on the
meridian, and the program will supply the pressures and tempera-
tures at all meridian stations in the finite-difference mesh by
linear interpolation. If mechanical/thermal loading are present
with INDIC = 3or 4, NPSTAT/NTSTAT must be 2 2.

NTGRAD ... Typo of thermal gradient through shell thickness:

SNTGRAD TYe of Gradicnt
21 T = Ti + T2*z + T3*z-

2 T = Tl + T2 *zT 3

3 T = T1 + T2*exp (z*T3)

z is measured from the reference surface, positive in same
sense as positive w.

NIALL ... Type of shell wall construction. Judgment may be required here
particularly in the case of shells stiffened by rings. In mnany
instances, it may be difficult for the user to decide w] ether in
the analysis to treat the rings as discrete elastic structures
or whether to smear them out.

Solfle experience with :-hell behavior is a valuable guide, of
I course. If computer time is no obstacle, then the user is

advised to analyze a given shell structure both ways.
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inl im~portanIt analyserý it is always advisable to set uip Various

maodels of the structure, whiich leads to lbe;,týer uniderstanding
of th~e benavior of the system and more, confidence in the
results. An, analysiss in which the rirgs are sneered out leads
to predictioni of krenerai instability or vibration, behavior inl
which both rings and shells are in moction. Local "panel" bUuck-
lintý or vibrationi can be predicted only -if the rings areý trcated(I
as discrete. In sýtreDss analyses, stress concentrations which
occur in: the neighborhoods of' r.ing otiffeners canl be obtained
onl~y if the rings are treated as discrete.

The user will note, froml~ Table 22 that two branches are Provideel
for the analysis o! layered, orthotrop~ic shiell segments,
IgqALL =5 and B1WALL = .With INWALL 5 the ma_-t~erial properties.
of the la-yers are regarded ass ternperature-indc-!jendent .1 Wi 1]

tills branch the tursmperature c-anl be treated as anl eigerivalue,
an~d b~utklinG- te~mperatlures canl be calculated. With- MIWALL 8
the materila prc-'ýerties are rcegrded as temeperatur3 -depercideit,
andl the t-anper;acure cannot be an. eigenvalua (DTEPIP 0 If
WWALL 8 for an;:, of the shiell segmients, TEMP must be eqelal to)
1. and DTEMvP = 0. Thle temperature distribun-ion ani those sag--
ments mius;t be nix. sytosetric . if INDIC -- 3 the IQ harmon-ic
must be thle frthoirmonic jrinvesvtigated .

14 umber of ircis ill a4' shell ' . Tiee vauesos -S
are arfion_ toe motimporo-atit varls) 1 me, sfn the e~lss ic
they govein, toý a- large extent, the accuracy of' toec so-lut-ionl.
I', is s-ometimes advisable to vajry the mfesh spacing, in ai girca

an i i order to achieive rapid eonvergeznce withinreig
numlhi ci of paoints. A feelingT for- proe' vaus fr1IE oe
w-t ae to Few pofints are needed forý cases in which the -

sýo. ui 1t31 Žepete to -valr slwl aog ha ell mIFIidiJHi .

Poijt. ,Iiu~l d uo concert,trated in aýreas, where The solutioni
to vary fl;.. 'Idly. Note a lt buckliJng or, vibjratioýn

IrS1 cmenslay not, noeesý;_:ar ly vary raid budy inl the
soa jubuc,ýlitig quanti Lies. It' the accuraqcy of ri
tifl r tr sltsis Jr: do-ubt cr-ne n~,un, the ee %agin;

bi JL w. Ii a a fewer. cc,; Ae ticýL.u iollafor fore me 8

Jet t 0n a 1 ittu to Ierforsi a pa ratteter s-t~udjy bis sod
oiil'cK' of ''inI tar1 jure reijes o1n(!c~l choo'se ai smrple

I (A Titil inl t,, * i. ty, the u ci'sore or les'optimizes; the
comtqu!,; i 01 1 L. 11 "ej iet to acensicy ant economy

2-IS, 1211' Va 14 one Ql:I :s oIrIo wi thi n the bra, :1 sluSIýPE Gt -eta

t Itt(1 0'1, If" 3', .)j t to' c t'v frt q hs 1C izt~

LAC('ui''tJIcr_ 1, i i j/, li an me Ln ) ', ae c I,eulte -i

Si IA , II 'I' CO) V- ri ou' 'et iri'di. sh~jp- are ssc 'e witi.
r~oav~ o:;01 14fC- icT co;thoa01112 Ici e l_-a an3r ti Lzt



points used for the spline fit, and does not Pave to be
the same as the number of mesh points in the current segment
'MSH. In most cases, it is advisable to make NRZ-i, 1oss
than NMES-i. In any case NRZIN should be greater than about
10. The choices NST = 2 and NST = 5 correspond to meridians
with the shapes given by the formulas for R in Fig. 33(d).
NST = 2 corresponds to a meridian the shape of which is
generated "left-to-right"; NST = 5 corresponds to the same
formula, but with the shape generated 'right-to-left", as
shown in Fig. J3(d). These branches can be used to describe
weld sinkages, fo•• example. The user can broaden the app-lic-
ability by changing the appropriate formula for R in Sub-
routine SHELL.

FIRINGS ... Number of discrete rings in a given segment. It is inted out
here that line loads can be applied only at mesh stations which
correspond to discrete ring locations. Hence, the input aaram-
eter h•RINGS must allow for any "fictitious' rings which corres-
poad to points on the meridian at which line loads are aplied_,
out at which no actual rings exist.

PLITI(Lý,ISEG ... Load harmonic amplitudes corresponding to the Lth harmonicPLIN)1L,1SEG} to be treated Ly the program. Note that the cJircumfer-

TLIII ential waveumber is not necessariiy equal to L

Pi JISTJ (L',± siG ;nce five harmonics (L 1, , , 4,5)myoreorPDTST2(L,ISEG) to N 7 0, 3,6, 9, 12, for example. Toe order in which !
T.DIST(L,ISEG) the harmonics are read in is determined by IiSTART, NFi,

SIHR, as discussed above. The loads are harmonic funclt1ns
of the circumriferential coordinate 0 are given by Eqs. (8)6),
where the 11th harmonics are denoted V ,, S Ii 111 etc.
and V S , H 0 , H 2' etc, The subscript 'one" coir-1

ponda ý- Positive vFi ucs of N. With N = 0 and N - + I ti-e
user must 'make sure that all of the line loads and pireasures
tor the entire strucLure are in static equilitbrium, sincet
the load comiponents and moments are not seif-equilibrati'i-•
for these wave numbers. The l.ine loads are assumed to act
at the ceritroids of the discrete rincs. S.c Section 1.5,

Table 1 , for further explarna'ionz exan}Jies, sigrn conventioli.
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Section 5

POSSIBLE PITFALLS AND RECOMMENDED SOLUTIONS

I
The following is a compilation of items which may cause the user of the

B0S3R4 program some difficulty. Suggestions are given for overcoming the

difficulties.

I 5.1 Provision of Consistent Input Data

ttIn the initial use of a complex program such as BASgR4 it is possible

that the input data may not be consistent. The user is urged ";o check care-

fully the list and plot output for errors in the input data. it is advisable

to use the option NPRT " 2 (medium output) for any new investigation. In par-

ticular, boundary conditions, position of discrete riýg stiffeners, meridian

shape, line loads aid surface loads should be checked. The user must see to

it that the inpus oads are self-equilibrating. often the best way the user

can familiarize Iwmself with the input procedures is to run cases for which

he knows the answers beforehand. A check of the mode shepes and stress dis-

J tributions often reveals possible errors in input. It is emphasized that the

user shold check. the sample cases to see if they can nelp him to set up a

nlew case .

5.) Finding, the Minimum Buckling Load

The theory on which BOSOR4 is based does not exclude the possibility that

severa] values of circumferential wave number N may be associatcd with

j lin)ria q Luckling loads. One must always find the minimnun minimum. This

problem frequently arises in the calculation of buckling loads for complex

shelis or ring stiffened shells. A ring-stiffened conical shell under ex--

tcrnal pressure is suc a case. lHere there could be a irdnimum buckling

load correspoonding to genera] instebility and additional minima (at higher

Svalues of 14) corresponding to the local failure of eacih conical frustrum

(thue 1n1ys between the rings). Physical intuition is invaluable as a guide

5 to finding the absolute minimum cjad an this respect. One may idea lize each

Day of a ring-at] :ched]e 1;.y assuming that the bay is sImly-supported,

Calculate Coi'res]3polldi• ot :l l]:lic ads with corrc:.;l/,-,dinig values Of
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N, (perhaps withl -lnear prcbuekliiig theory In order to sýave computer, time), anld

th~en use tile critical loads and values of' N as start~ing points inlal sill--

vestigation of the assembled structure . For problems in which it is felt

tnhat linear, pre buck lir igi, theory is rather accurate, one may treat the assembled

ot ruicture by expioringb a wide range of N4 with INDIC r 1. Further caleula -

tmnwithi thle critical values of N4 could then b-e madie inl Subsequent reuls.

.3Multiple or Cl~osely-Space FU,ýev ILue2

Ii, the case of' ringj -,tiffenied shells it may tLurn out that eigenjvalues

eorxesýjjoiiding to vibration frequeiicies or bucmbl-ing loads are close togethner.

Tii.] . ij articularly true of ring sliffened cylinders '*Alere the rings arc

equlally spaced and rather stiiff in teniding, compared to tile shell benid.ing

stilln'ess. With such a Configuration thtere are many mod~es inl which the

ijotion of thle rings is of sma.Ll amplitude compared to that of the shell.

DThe bayjs between thre rings vibirate at frequencies- or buckl-.e at loads w~hich

nayj apiproximiate those corresponding to a simply-supported cylinder of tivŽ

gLE4 ýcCeomety an- thle b~.Mult-iplu Or cluesae ij,-nivalues correspiond
tLo mnode's i~n which onle or m,-ore of, the b~ays- is vibrating oi battling while

ot~her' am unaffected. True miultiple eigenvalues- are eliminated by use of

n-yirjfety aind antisy~mcetry condit-ions at pinwes, of' sýylnetry inl the shell.

lii eigcneriv.ue problems. the user should always analyz.e as small a segmenit of

slit a possiilli order to avoid numre-rioni. difficulties associated with

it ai vd 'A Ai Apex al hIJ

Certain regain cjity coeld] tIons eitat thle apex of shell.s- the rýIerioia.r~s

wh iien illtersct theý ax~is of' revoiution . These oonlJldtioiis have beeni satifn-

f led toD the ex~te~n wihi cithe i-Ij e differenc model permits. Because of the

11 11-tai Ci :pai tg'of u alidi howeveýr, all of' tlho regularity codi)Cti Olin

a oriot ,,,tj:Inil ud exact] y it, tie,- ape hntusj0 rroi' leadus to er-rors

is inslos] a u 01,o tnaslr:' rssi{,t in taoe isimedi ste iieigni'oriiood of

t;. ejx Th'~e acu~t'i:ta;; e :.at at tile ajacx Call La olutajinIed sirip1ly ny

Lj AU ,UiP jU -LUlILY I ],u,
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5.5 Calculation of Same Eigenvalue Twice, Eigenvaiues OLtt of Order

In problems for which the user requires more than about 5 eigenvalues

for a given circumferential wave number h, the subroutines EBAND ad.i' EBAND2 may
occasionally compute the same eigenvalue and eigenvector more than once. It

is also possible on occasion that eigenvalues will be calculated out of order

or that an eigenvalue will be missed. Unfortunately, there is no way to make
an eigenvalue finder based on equations of the type used in the B0SOR4 program

100% reliable. The calculated eigenvalues are always eigenvalues of the system,

but occasionally some eigenvalues may be repeated or missed. If it is suspected

that an eigenvalue has been missed, it may help to run the case with a different

number of mesh points, or to run the same case with a higher value of NVEC.I
5.6 Buckling and Vibration of Structures with Planes of Symmetry

A fairly common oversight on the part of a program user is the failure to

run a case in which buckling and vibration modes are sought which are anti-
i symimetric with reslpect to a plane of symmaetry. If' half a shell or a part of
a shell is being analyzed because of the existence of planes of symmetry,

then the analyst must check for bucKling and vibration both symmetrical and

antisymmetrical with respect to the planes of sy-nunetry.

5.7 Tnermal Buckling in Cases with Weak Temperature Dependence

J Consider a shell with combined external pressure and a temperature dis-

tribution. It is desired to find the combination of pressure and temperature

which cause buckling. Either the pressure or the temperature or both can be

considered variable (eigenvalue parameters) or constant. In some cases buck-

ling may be due almest entirely to the pressure, with variations in the tem-

perature h-aving litlIe effect. This would be the case in a long cylinder with

external pressure in which the cylinder is free to expand in the axial direction

J but restrained radially near the edges. The temperature rise causes local hoop

compression near the edges, but the buckling mode corresponding to pressure as

the cQigenvulue ha,,.; maximum amplitude away from the edges. Hence, the tern-

icratire Ias little effect cou the buckling load. If the temperature is con-

Isidered to he the elgeiiva,.lue ard the pressure is held constant, it is possible
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thdt 11e eigeiivaiuc will be found, indeed that one maiy not exist, in cases Jn

which both mechanical and therma3 lo-,u..3 are present it is advisable to coiicider

t-he mechanical loads to be the eijen clues and to determine the effect of tem-

perature by the performance of a parameter study with temperature as the

p-,arameter.

5.S Stress Resultant or Stress Discontinuities at Junctures and Boundaries

Stress resultants and stresses need not be continuous at segment junctures

in all cases, of course. However, the user of BOSORI will notice that for

some cases in which these quantities should be continuous there exist smal.l

disc ontinuities right at junctures. These disc ontinuities arise from the

fact that the finite-difference energy method leads to larger truncationl

errors at boundaries than inside domains. If the user is particularly in-

terested in stress at a juncture or boundary, it is urged that he concentrate

mesh points in this area to minimize truncation error. In any case, the

BOSOR4 program is written so as to iiinimize the effect of boundary truncation

error. The stress resultants are "corrected" as described on pages 172 and

173 of Ref. 15. in addition, "extra" mesh points are automatically inserted

near the Toints on junctures and boundaries in order to make the trum.ation4

error as small as is feasible without encountering difficulties associated

,,Jth precision round-off error. This feature is more completely described

in Section 6.

5.9 lonconvergence o0 Inverse Power Iteration Method

I, c-urtain cases the inverse pcwer iteration method for finding real

eigecnvalues way not converge. The reason for lack of convergence is usually

tilnt complex roots are present correspondiin6 to the eigenvalue problem

(K + ý,K:, K )x 0 (01

Al, exairpie is buckling of a simply-supported flHat p.,lait with uniform lateral

load. The jrnIbuckliiig behavior of the p)late Js v my nonlinear atd ther'e

ai, large meridion;:al rotations; at thui cddc of thie }l]te whe,-re destabii. zit g

Cj COpit j ,.] ±: i'ul'cus oCC a none"r examle. Jz 2 uuiitormlly heated cyilint do
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simply supported at its edges. The local restraint near the edges causes

hoop compressive stresses to develop. These destabilizing stresses occur

in the neighborhoods of the edges where the meridional rotations are large.

In both of these examples the large meridional rotations cause K3 to be of

greater importance in relation to K1 and K2 than is usually the case. In

situations such as these complex roots are present and generally prevent con-

vergence of the inverse power iteration method as formulated in Eq. (37).

The BOSOR4 program is written such that if, during inverse power iterations,

the sign of the eigenvalue changes 5 times or more, the solution is automati-

cally attempted with the prebuckling rotations set equal to zero. If the

5 user desires a solution of a case including prebuckling rototions for which

the presence of complex roots prevent convergence, he is urged to use the

IhDIC = -2 option.

5.10 Correct Modeling of Discrete Rings

It has been common in past analysis to neglect out-of-plane bendintg stiff-
3 ness (terms involving Ix) and torsional stiffness (terms involving GJ) in the

analysis of shells with discrete rings. The user is cautioned not to neglect

these terms, in particular not to neglect the out-of-plane bending stiffness
of the discrete rings (I x). Such neglect may lead to very low estimates of

the buckling loads, particularly in cases in which the ring is prestressed in

Scompression and in which its centroid is located at several shell thicknesses

away from the reference surface. Note also, that if the web of the ring is

very thin in comparison with its length (height), the composite shell-ring

structure may fail by crippling of "si'dcsway" of thc web. Thcsc failurc modcs -

can be predicted by treatment of the webs as shell branches rather than as

parts of the discrete rings.

I!
I
I
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Section 6

DESCRIPTION OF B$S0R4 oUn'PUTI
In this section a glossary is given and the output corresponding to the

seven test cases shown in Figs. 26-31 and Fig. 36 is described.

6.i Nomenclature of the B0S0R4 Output

ALPHAI angle from axis to beginning of spherical segment (degrees)

ALPI-JA2 angle from axis to end of spherical segment (see Fig. 3 )
ALPHAT distance from axis to ctr. curvature of spherical

segmantI 2
AREA discrete ring cross-section area (in.

BETA meridional rotation, denoted X in analysis

I CHIO prebuckling rotation X

CURl meridional curvature, /Bi1 (in.-)

CUR2 normal circumferential curvature, 1/R2 (in.- 1

CURl!) s-derivative of meridional curvature, (I/RI)" (in. N-

J DET stability determinant "mantissa": Determinant = DET*01NX

D11 "variable" radial line load or radial line load increment
(lbs/in) (Fig. 21)JDM :rvariabler meridjonal moment, or meridional moment
increment (in-lb/in) (Fig. 21)

SDP -'variable" pressure multiplJer, or presstue increment
multiplier (psi), positive internal

DTElAP "variable" temperature rise multiplier, or temperature
rise increment multiplier

DV "variable" axial line load or axial line load increment
(lbs;/in) (Fig. 21)J EIGENVALUE Meaning dep..nds upon case. See semple output.

BR di-screte ring modulus of elasticity (psi)J El discrete iin, ra.Laal eccentricity (irn.) (Fig. 21)

Ell discrete ring axial eccentricity (in.) (Fig. 2L)
• dicrete ring t',inia, rgi ix _-_a _ ( -!•d -i- J tDr_ - -ri-fid-

"fix• d" or intial radial -ine -lod (lbs/in) (Fig. 21)

IT'L numwiber of lNcwton-Raplisozn itcrations for converg-ence ofI ,noniinen;r ixisyumnetric stress analysis to witi•in 0.]%



21).

IY discrete ring moment, of ine-rtia about x-nxis (in'

(Fig 21)

IhY discrete ring product, of inert-ia (in-4 )

14 'fixed" or initial rneridiomal line mnomcjst (in -lb/hil)
(Fig. 21)

V110, M420 prestres a or prebuckling meridional, circumferential.
moment resultants, pos-itive as s.-howni in Fig. 35(in-lb/'ill)

MI , ý12, MT linear stress onal1ysis meridional, circuimferentiel1,
twisting moment resultants, Positive as shown in Fig. 35

N140, N420 prestress or prebuckliji g meridionzsi1, eircumuferential1,
resultants (lb/in) (FigC. 3'5)

14 circum~ferential wave number

NEBX exponent for stabilit1y deterinin:int (se;ýe PET)

P press,-ure multiplier, peal tive initernal (psi)

Pu, PV, EW p 1 ), m, p- in Fi~g. 3:5: meridional1, eir,-umferential,
nrAou~ward pressure components (psi) for given~ wave,-

numaber N4

P141 derivative of normal press-ure with resnpeet to arc le-ngth a

RADJIUS same meaning as ROT in Fig. 3;:(b,) (inl)

BAD radius of parallel circle, r, in Fig. 35(in)

BADD deri-vati-ve of r withi respect to rclength s (0')

BC radius of di~screte ring measured to centre-id (in.)H
3M ring material mass density (lb-see /11n1

s (x) arc lenjgth tocM1 ki discrete r-Jreri fin ro "A end (-). ref cer C ic

sulffl applied shear line 'cad, Fig. 21 (lb/in)

SIGMLAl(114) , 81I(I14) inner fiber mecridiolial s-tress (psi) "Inner" Ifiber on

SlGMAl(OUT), :3l(OUT) )outer liiner meridional stress (psýi) rensi~iig ac- i

SIQMA2(114), 81(114) inner fiber circumiferential tes pi lei1 gtu I. Outer 3

SIGII1A2(0UJT), 32(0171) outer fiber cir-WOcufren1tial stress- (I'si fiber C,1rigt si'Ž

SIOiAB(Ii),SVON (Iii) inlner titeur von Mes"effective" srs

2.lGt4/E(0UT) , SVON,(O-UT) oute r filer Von ljis(:;- ef1fective" stress UE

TIE, I u ''fix~ed'' or ii i eprt riK: 1~s m i ir

"j "1j111 ix'-(1I or mi it kLa]1 1- thr[! iril lim' monnt[j I bo. ut X-rlsi
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TtABX "fixed" or initial thermal line moment about y-axis MI T
TNxed" or initial thermal hoop force Nr

TNi, TNP meridional, circurferential thermal stress resultants

TM], TM42 meridional, circumferential thermal moment resultants
T T
M1 ,

U, UO meridional displacement component (modal or linear stressanalysis, prestress analysis) as shown in Fig. 35 (in)

UV, USTAR axial displacement (u* in Fig. 20) for prestress analysis
(in)

V, VSTAR circumferential displacement component vv in nonsymmetric
analysis (in) (Fig. 35)

V f'ixed" or initial axial line load (lb/in) (Fig. 21)
W, WO normal outward displacement component (modal or linear

stress analysis, prestress analysis) as shown in Fig. 35(in)

WSTARý radial displacement w (Fig. 20)

Z distance from shell inner surface to reference surface

6.2 Iescr ptiu. C•.putcr Output from B jR4

'The output from. BOSOR4 consists of print output and SC4020 plot output. Seven

oases are descrhzed in this section. These cases correspond to the types of analy-

so0 INDIC = -2, -i, 0, 1, 2, 3, and 4. The structures being analyzed and some re-

sults are shown in Figs. 26-3] arid Fig. 36. The list and plot output for these

5seven cases is riven in Appendix A. The input data are given in Tables 4-lo

(Appendix B).

SCase/l: Aluminium Frame Buckling

Fg.e•26 chews the problem. The input data are listed in Table 4. ThisJ (:se exercises the INDIC = I option it represents a general buckling and

cri]jpiing analysis of a "T"-shaped frame, and illustrates the phenomenon of

Sorte than. one minimum in the "plot" of buckling load vs. circumferential wave
I IUMUO 1•

fTla(: ii-.me is treated a.s a branched "sheli" of three segments, the geomet'y

of wt,ichu i. given (witn constraint c'sna-itionsr) on tile first throe pages (jA) -

0(3) of out- ut . The user \•ill noticeý that each s;egment has two miesh points

it re thi 1, tne runter proviaced a5 ijput (see valu•-s for M4ESH ir Table 4)

Ii 6-3



TIwo additi. ontriw - oirri.:cccFg 3) 3iI' "inseOrted'" Llutoniat lealy betweeni theo

as and seconid a nd l Ltaind second-s-o-last poini ts in cact s -etgient-. Th I do

i~iiS~.uIC is; taken ini order to redluce the truncation errors ass ociated with

ruouildarlees arid to prevenlt spurious triodes: !as-sociated with the fictitious p)oinits 7-1

(e e Ret I . ) 1 h11 irs the orxrgiriiil mreshi spacJ3ing, at the edges, the "extra"
wv-1 ointsý are located at hi/2,0 in fromr the edgeLs. It. is emphasized that the

user does riot nreed to consider these, extra points in urokirig uip a ease.Al

quantities are outorriatica-ily 's3hifted" to account for the iriterrnai- change.

It Ii150'*rt( t point out that the "sat jisaid "arc I eriths '

p~rinted out. on Yage A)ý refer' to the pol tit:; ait whicl oh c ter.ýg desiy

is, eve luaLted (seoe Fig. 3), aridnut inn general. to the "wa ''rslir points.

Enen "entergy p-oinit" is located half -way betaee cn djacent 'u-points-". As

seen train thje sketch below, if the mrishi spacing varie~s, a-- it loch, at the

ends, of each scgriei~t, the "energLy ýodints " do riot coincide with the "a -j'oinnt,

is] iegicric of varyinlg spooling6.

C

Ti~col iý,ýfinL for Sl) iý tis cse re ýiou

cx..-
fl.tncalo!set;. A-o nouptqalitu rrsoc[otl.

u- aj adilai u jcrt are eo~ toI)-'91.tl~f uii n~ at e 'ý-po nt.;. Br nii
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locations also correspond to "energy points", and not to "w-.oints"

Page A4 gives data r-•1-ted to the constraint conditions. Two sets of

data appear: those corresponding to the axisymetric prestress problem,

and those corresponding to the nonsymmetric bifurcation buckling problem.

"Types of Constraint" refers to the discussion on Pages 2-14 and 2-15.

I This data need be looked at only if the user suspects a bug in the input

or in the program itself.

U The end ofi Pages A4 and A5 shows the prestress distribution correspond-

ing to the "fixed" or "initial" components of the loads, that is, corres-

j ponding to P and TFMlP (and line loads V, H, and M, if such -ere present).

Pages A6 and A-' show the "total" prestress state, that is the prestress

j quantities N 10, h20' and X which correspond to loads P+DP and TEMP4DTEMP

(also V+DV, H+DF, M+DM, if such wore present). Toe prestress distributions

J corresponding to Lbi predicted buckling loads X are given by:

N-LOr N iOtot f.fxed X V-0i'ixed

N = (N20 - N 20 N +e/ , O (113)
Cr tt fixed fixed

cr 01Ot i xed X fixed

j Jit which suoscriwjt "ixed' denotes the quantities listed on Page A5 and

"tot" denotes the quantities listed on Pages Ab and A-(.

The output on Piage A-( has to do with calculation of the matriees K1,

K2, -and K [Es. (0,7)], which is doen• in the overlay ARRAYS (Fig. 23a), and

calculat:ion of t1,e lowest eigcivaiue, which is done in the overlay BUCKLE

(1216s. L3a, 23e). All of these calcu)atioris correspond to two eircumtecrential

wavus. Th(u i•no "(' NEGATIVE ROCTES FOR SI¶YTz UT :--. O.OOO O" may ,le4 thc user

!
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to determine if any eigenvalues (roots) have been missed. In this case there

are nine negative roots for zero shift because there are nine Lagrange multi-

pliers associated with the nine "non-zero" constraint conditions (see integers

listed under USTAR VSTAR WSTAR BETA on page Al). The quantity of nega-

tive roots for zero shift should always be equal to the quantity of "ones"

listed under USTAR VSTAR WSTAR BETA for the stabili.'y and vibration and

nonsymmetric stress consuraint conditions. If several eigenvalues are to

be calculated for each wavenumber N, and if the user discovers that a root

has been skipped, the lines "9 negative roots ... " can be used with the

shifts, AXT to bracket the missing roots, if any. The statement 'THERE ARE 1

EIGENVALUES BETWEEN .000 AND .4258846+03" will tell the user if all of the

roots in a given load range have been found. This number of roots should

equal the input value, NVEC.

The buckling eigenvalues X and mode shapes for N = 2, 6, 10, and 14

-waves are given on pages A7 to A13. The user can see that N = 2 corresponds

to overall "ovalization" of the ring with virtually no distortion of the ring

cross-section. The buckling load q for this type of deformation is approxi-

mately

1 X = q = EI(N2 - l)/rc3  (114)

in which L1 is the length of the first segment (L 1 = .453 in Fig. 26) over

which the uniform pressure is applied. The buckling loads for higher values

of N correspond to crippling of the web (Segment 2).

The SC4020 plots for this case are shown with the list output of the modes.

The displacements for the three segments are plotted in series, even though

the structure is branched.

Case #2: Buckling of Hydrostatically Compressed Cylinder

This case provides a test of the INDIC = -1 branch of the program for

the shell shown in Fig. 27 and the input data are listed in Table 5. Notice

on pages A14 and A15 that two sets of constraint conditions are given. The

first set corresponds to the axisymmetric prebuckling conditions, in which

fihc •ixin.L di•spla cement u is pcrmitted ot the beginning of the shell (s=O).

6-6



I
The second. set corresponds to the buckling constraint conditions, in which

the shell is assumed to bc clamped at a = 0. Symnt try conditions are used

ait mesh staticn #80 both in the prebuckling and in the stability analyses.

Pa6es A15 to A21 give geometrical data and physical properties of the system,

which is treated as a branched shell as shown in Fig. 27. (The f"rame flanges

are treated as discrete rings, not as flexible shell, segments.)

I Prebuckling, behavior is determined for the "fixed" loads (P = .o0) and

for the "fixed" + "variable" loads (P + DP = -1.0, V+ DV = -. 5075). The

load summuary is given on page A22.

A search for the minimum buckling load with cjrcumferential wave numlerI 1 is being made on page A23, with the prestress distribution corresponding to

zero "fixed" loads and a "variable" pressure of -1.0 psi and "variable"

J axial load of -. 5075 lb/in (hydrostatic line load = pr./2). The thre:e eigen-

values lIO4.97, 14(5.91, and 1301.55 correspond to the three points labeled

S(I), (2), and (3) in Fig. 27. At tile end oi page Ac" a new estimate of the

buckling hydrostatic pressure p i -. )1.04.973 psi corresponding to N = 4 is :

ival able, 9nd presti'ess quantities N. 0 , N2 0 , and x arc calculated from 1.],c

nonlinear axisyvmmfetric analysis for p and v + p/Wo00 (top_? of A24). TDe

new load step is p/b000, or about -1.1 psi. The new elgenvalue is -2.875.

j w which, when mlultiplied by the [Load step.: gives a correction to p which is

less than 0.5% ofI p. The process is thus judged to have converged, ýand the

Jpr-ebuckl.ing distrinutioi;n; and buckling mode are listed eli pyaes A25 tLroughi

A29.

IantiuPag AP e - A9 Also 31.,! the SC4020 plots of the i.fu +.t W

and huehlillr moeae. Aihthe qu~intitie:2, ar'e I!dotted ao 4-f the seL!nemtit wiýre

I urranged inl series rather titan branichcod.

I £CU1.e N#3: pn]i,ear Anm]lysts of L Uniformly Loaded Flat Circular P'l.ate

Thifs case is a test of tile IITIC o 0 brach of tlc program - nlninear

3>aisysmnutric stressa alis__for a seri-es c' load stefs . i gure 28so

tlhe ,rot- o ith sore results and thu inp-ut data arc listed in Tush z .

Tl irst constr;-diit conditiOn (Page it0) correcjloid: to a "Ile" - tae ceu.ter

Sof' the il'at cireulI:xI' pjlte, w!ii ci is oil tic axIs Of revo.utL on. P!1 tlijs ca::

hiPPO-T9, s;o thai-t we e>x]jct n:ior', oCtput Uiti•-. tile minifer corre ajondi:, toI
-i -7



NFRT = 1. The additional output consists of printout of the wall stiffness

coeficients Cj. (A31) and printout of computer times and Newton-Raphson _•
iteration numbers in the nonlinear analysis (A33-A34). In buckling and-)

vibration analyses the INPRT = 2 output option provides similar trackIng of

computer times for formation of stiffness matrices, factoring, and inverse

power iterations. The user is advised to use NPRT 2 uaitil he is thoroughly

lamiliar with B0SUR4. The displacements, stress resultants and stresses for I
tie two load steps given on pages A32 and A33 are listed on pages A35 and

A38. The SCh020 plot output is shownl on pages A36 and A37. In the plots

one can clearly see the effects of boundary truncation error referred to in

Section 5.8. j

Casc #4: Cylinder with Three Point Loads

This case is a test of the INDIC :3 branch of L.SýR4 - linear, non- I
syisnetrijc stress analysis. The problem with some results is sho,;n in Fig. 29

and tine input data listed in Table 7. Advantage is taken of the symmetry 1
plane at 3 = 240". The user can look at page A43 to see how a discrete ring

at a ss•imetr pla]1ne is handled.

lI addition to providing a test of the INDIC = 3 branch of B3SPR4, this

cas.- is ircluded to demonstrate the use of BOSOR4 for analysis of point-loaded

shells and to illustrate the treatment of loads which repeat at a number of

stations around the circumnfer.cpce. In this particular case the load caji hbe

expanded in a Fourier series in the interval - r/3 : 0 n m/S (L = n/S). Page

A41 shows the input load distribution in that interval. (Only the plus 9 -

coordiJnates and loads, nend be. read in, Z-,iloce we ',Kow that the functi on is

,evel; see jinput data: ill Table '1.) T'le raijge of circumferential wave nulmlbers .

hi is negative, since we have a Fourier cosine series for the radial load 1i.

(See Eqs. (86) and pages 2-'2, 2-33.) Also, we know in advance that only

ever,, third N contributes to tile Fourier series for the load disturibution

sihown in Fig. 29. Tile calclilatod Fourier ilarmoltics corresponding to the

input load distribution are given on page Al. In this case the minimum

out.put option IJPRT 1 is usedi with NFRT 2 the user obtains the summed-up

Fourier seri.es of tile loads.

Page A4;2 gives the d istanceo of the reference surface from the inner

surf'ace and the thickness. Pages A4 through A40 give the line mechanical

0-?
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and thermal loads for all harmonics to b,-. processed. The constraint condition

data follow inmediately. Virtually all of the machine caiculations are being

performed while pocs A46 and A47 are being printed out.

On pages A48 to A53 the meridional distributions of displacements and

extreme fiber stresses for 6 = 0, 10, 20, 35, and 60 degrees are printed out.

On1 pages A53 to A56 the circumferential distributions for 0 - 0 i T}ETAM for

various meridional stations are printed out. Page A58 gives the force and

moment distribution in the discrete ring. Page A57 shows the SC4020 plots.

INotice the very large change in mesh spacing within the segment.

Casc #5: Free hemisphere Vibration

This case represents a test of the INDIC = 2 branch of BýS&R4. The

5 problem is shown in Fig. 30 arid the input data listed in Table 8. The eigen-

values (frequencies in cycles/second), generalized masses, and mode shapes are

given on peges A63 through A75. SC4020 plots of the eigenvectors are also

given.

The generalized mass is calculatcd from

G T $ MO)(15

in, which 0 is the normalized mode shape corresponding to N circumferential

Swaves, and M is the mass matrix calculated in subroutine STABIL.

Test Case #6: Buckling of Cone Heated on Axial Strip

I This case represents a test of the INDI' = 4 branch of BOS$R4 - buckling

of a nonsyinmetrically loaded shell. The problem is shown in Fig. 31 and the

input date listed in Table 9. It is sirmilar to Test Case #9 in the BSIR3

User's Manual (Ref. 3), except that here advantage is taken of the variac e

mesh spacing capability of BOSRR4 and the shell is run as conDsisting • oeri

segment.

I The temperature rise distribution is given by T = f(s)gE() in ,hich

g(0) is computed in Subroutine GETY, written especially for this run and

I listed bcio,:

0-9
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U•R0U?|RIE GETY(NX X INUSXP6US YM|NVS YPLUS)
DIMENSION XflINUS(1O0),XPU5(100),YMINUS(gIO),YPLUS 100)
00 10 1 0 JINX
YPLUS(Ma EXP('12,99xPLUS|||.2)1

0- YMIN|US11 VPLUS(I)
RETUAN

The meridional distribution f(s) is read in at certain stations from the

experimental data given in Fig. 31 (see Table 9).

Twenty harmonics (N = 0 to -19 in steps of -1) are used for calculation

of the prebuckling stress state. Negative N is used because the function

g(e) is even and therefore to be expanded in a Fourier cosine series.

The eigenvalues given on page A86 are factors to be multiplied by the

input temperature ri-se d(strihuti on in order to obtain the distribution

corresponding to buckling with 20 circumferential waves. No distinction is

made in the INDIC = 4 branch between "fixed" and "variable" loads. All loads

are treated as if multiplied by the eigenvalue X.

The mode shapes follow on pages A8r through A92. SC4020 plots are also ""

given of the prestress 9nd the modes.

-7

Test Case #7: Bifurcation Buckling of' Shallow Cap,

This case represents a test of the INDIC = -2 branch of BLSOR4 - a "plot"

of' the stability determinant with increasing load, with subsequent change of'

IEDIC to -1 upon a change in sign of the determinant. Nonlinear prebuckling

eft'ects are included.

Note on Page A94 that, the curvatures CUR1 and CUR2 are negative. This

geometry corresponds to the sketch below, in wnica increasing s is clock-

wise about the center of meridional curvature. Positive pressure is in

this case "external" to the shell in a 1hysical sense. Note from the output

that the pressure multiplier, P, is positive. From the input cards

(Table 10) it can be seen that tl-e pressure distribution function, P11, etc.

is nlso positive. It can be seen (Pages A9y-A)8) that the determinant

6-10
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I

I Normal Displacement

changes sign between 26 and 30 psi. From linear interpolation, based on

the determinant values +12.837 and -10.548, a new load guess of 28.19572

poi is tried, and INDIC is changed to -1. On Page A99 appear eigenvalues

Icorresponding to the problem

(KE1 + XK2 + X 1K3 ) x = 0

in which K, is the stiffness matrix for the shell loaded by s pressure

of 28.19572; KID is the load-geometric matrix for a load increment equal

to "0.00000 - 28.19572 = .180428 psi (see Page A98); and K3 is the

J "prcbucklii.g rotation-squared" matrix, also corresponding to a pressure

iiicrement of .160428 psi. The lowest eigenvalue is -. 0433571 correspond-

bing to two circumferential waves, And the new estimate of buckling pres-

.,ure i; 26.11749 psi. An increment of 1/1000th of 2:8.-11749 is added to

th•is estimate; the nonlinear prebuckling equations are again solved; and
b flew eigenvalue problem (yI + XK 2 + XPK K3) x := 0 is solved. This tinte

K is the stiffness matrix at 28.1.1749 psi and K 2 and K3 correspond to

a prcssure increment of .028117. The eigenvalue is small enough

( ý*DPj< .005*Pj) such that the pressure 28.1)4561 is accepted as tha

nuckli ng pressure

I
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I
TABLE 1.3 SIGN CONVENTION AND ORIENTATION OF LOADS

LOAD CLASS 1LOAD TYPE NAME IIGN CONtENTION CIRCUMFERENTIAL VARIATION
(axis of revolution FOR NONSYMMETRIC LOADS
vertical, shell merid- ( zero or
ian to right of axis) (positive n) (negqtive n)

Axial V pstive down-ard Sin ne Cos ne

Mechanical Shear S positive out of paper Cos nO Sin no

Line Loads Radial H positive away from axis Sin ne Cus nl

Moment M positive clockwise Sin nH Cos no

I Hoop N see page B-i1, TNR(I) Sin nO Cos nO
ThermalT
Lieroad x-Moment M see page B-Il, TMX(I) Sin n9 Cos no!inle Loads Yx

y-Moment M see page B-11, TMRY(I) Sin nO Cos no

Meridional positive parallel to Sin no i Co's 19

Surface Circumf er. p2  positive out of paper, Cos ne Sin r10
Traction traction in sane direction as vS& Pressure
& Pressu re Normal P 3 positive to right of Sin nO Cos nOIi ~ pressure incereasing arc length, s[

Temperature Temp. rise T positive for temperature Sin nO Cos nO] Distribution t above zero.-stress temp.

A -, Reference Surfcce A

I /

B-B3 10-H

I A3 A
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TABLE 2

INPUT DATA FOR BOSOR4. INTEGER FORMAT 1OI6; FLOATING PT. FORMAT 6E12-.8

* Read TITLE
iT

"* Read INDIC, NPRT, NLAST2 ISTRES, IPRE

"* Read NSEG, NCOND, IBOUNDI, IRIGID

"* Read NSTART, NFIN, INCR (Blank if INDIC = -2, -1, 0, 2)

"* Read NOB, NMINB, NMAXB, INCRB, NVEC (Blank if INDIC = 0,3) j
"* Read NDIST, NCIRC, NTHETA

"* Read ITHETA(I), I = 1, NCIRC (Blank if INDIC = -2, -1, O, 1, 2)
-a

"* Read THETA(I), I = 1, NDIST

"* Read THETAM, TEETAS, FRERU0T (Blank if INDIC 0, 2) oh

"* Read ((ipIX(IJ), J = 1,6), Dl(I), D2(I), I = 1, NCOND )

If IBOLTNDIO and INDIC= -2,-1,l, or 20 Read ((IFIXB(I,J), J 36), I = 1, NCOND )

If IRIGID / OSRead (ISTOPO(I), i = 1,6)
Notete.

If IRIGID / OSRead (ISTOPI(I), I 1,6)

"* Read P, DP, TEMP, DTEMP)
(Blank if INDIC = 3 or INDIC = 4)

"* Read FSTART, FMAX, DF

10 Do 5000 ISEG = 1, NSEG

* Read NMESH, NTYFEH, INTVAL

If I'TYPEH = 10 Read NHVALU
"* Read (IHVALU(I), I = 1, NHVALU )
"* Read (HVALU(I), I = 1, NHVALU )

If NTYH 20 Read ( VALU(I), I = 1, NoMSH- 1)

If NTYPEH = 3 No cards read, constant mesh spacing.

• Read shell. geometry parameters, imperfection shapes, location of [
reference surface relative to shell inner surface. (go to 15)

* Read discrete ring parameters; number of rings, locations of rings,
cross section properties and material properties. (go to 25)

* Read load parameters: mechanical line loads, thermal line loads,
mechanical distributed loads, thermal distributed loads, prestress
distributions. (go to 100)

* Read shell wall construction parameters: monocoque, layered, fiber-
wound, corrugated, semi-sandwich corrugated, temperature-dependent
iiayred, all wiLh or wiLhout rings and stringers which are "smeared
out" in the analysis. (go to 3000)

5000 Continue
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TZTLE .. 72 or loes alphanumeric characters, first 41 of which appear on plots.

INDIC -. -z determinant 'plot" ; -1 = bifurcation buckling with nonlinear prestress; 0 -- nonlinear stress analysgin;
--,hIn:,E r, Tig several eigenvaluesIN; 2- modal vibration; 3 -linear stree = lnearbuckling with non-

gymmri .retreson. See Section 1. 1, samples cases in Appendix A, Section 4. 2.

NPRT ,. I minknum printout; 2 =medium printout: 3 a maximum printout. (Uise 2 almost always.)

NLAST .. 0 plots provided for this case; :l n pltshs case. (SC 4020 plot package required)

ISTRES .. 0 astress resultants and displacements; I a stresses and displacemenits (I with monocoque isotro~pic only).

IPRE . meaningful only if INDIC =4: 0 = prestress read in from cards; I rsrsscmue internally.
NSEG .. number of shell segments (less than 25).
NCOND .. number of p-oirntsat which constraint conditions are to be imposed (leas than 50).
WBOUND .0 b vitm nbration constraint condt~tioR-e me as those for axisymmetric prestress analysis; I1 different fr.
131W .D 0 n ad 0oa !jT1od Vol eintion constraints necessary; I = additional such constraints are necessary. (9e,

buckinr S 1.l.4)
NSTART .starting circumferential harmonic for nonsymmetric stress an I I i. (See Sec. 1. 5, (Maximum of
NFIN .. en drng circumfearential harmonic for nonsymmetric stes anfi. Table 1. 3, pps 2-32,2-33) 20 harmonics
INCR .. ThTement or decrement in circumferential waves for nonsymmetric stress analysis, permitted.)

NOB .. initial circumferential wave number in bukigor vibration analysis.

NMINB .. mnim-umn circumferential wave number in bucklng or v Erat fon analysis. (see pg 4-Z, 4-3, 4-4)
NMAXB .. a -ximum circumferential wave number in-Gu-c~ o r vibration analysis.
INCRD . Trc-rement in circumferential wave nubrnukigor vibralon' analysts.
NVEC .. 1~eri- eigenvalues to be calculated for cac h crcumferentia wive, N (maximum of 20 permitted).

NDIST L umber of circumferential stations for which mreridional distributions will be printed and plotted (lees than 20).
NCIRC .. number of mertdonogal stattoniT-io w-hich circumferential distributions will be printed and plotted (less than 20).
NTH ETA . number of pointi in the output for circumferential distributions (less thaii 100) (NTHETA'*NClRC*9 less than4500)
ITH ETA . eiloa tatilwns for circumferential distributions: e, g., 001010 means segment 1, mesh point 10.
THETA cicmfrnta itain in degrees for which meridional distributions will be printed and plotted

(5__________

THETAM. circum. dint. printed and plotted for 0 1ý 1TH-ETAM (deg). Loads expanded in Fourier seriee in interval
- TIIETAM !c 9! THETAM. Meaningful only if INDIC =3 or 4.

THETAS . meridi-on-al ro-re--oa-t 8 THETAS used in stability analysis with option INDIC = 4, IPRE = 1,
PREROT 0.0 n o atn included tn stability analysis; 1. 0 = not included.
IFIX . constraint condition matrix; see Table 1. 1 for example; also see-Fection 1. 4, and immnediately below.
DI radial componenft of distance from constrained point to reference surfiace at "'minus" aide of point (see Fig. 19).
02 n. a o nn~ itnefo constrained point to reference surface at 'minus" side of point (see Firs. 19).

Di and DZI as aecen in k~.1,aeas the radial and axial components of discontinuity between two shell segm.
(See Section 1. 4, also paile 4-4)

Exmlso osritrniinards follow: ___________

iptCrCounNo. 1 6 1_ 11 18 Z4 30 36 4 60 Comments
(I E (,J) J=1,6) L(1.D () 0010 1 01 00 '1 0 1 1 C+175 + 1 25 +1I bound. cond. card

(II(.JJl ) lZ.D(t 0095 002 001 1 1 1 1+ 0 + 00 + 0 junct. compat. card

(F K(,J),il , 6), D1 (3), D 2(3) 001095 003 001 1 1 1 1+ 0 + 00 + 0 branch compat. card

Definitions Segi PtSegj Pt wS v* we D1 02
Identifications location vmar 21W~w raild _________________

Translation of constraint #3: Seg. 1, point 95 is connected to Seg. 3, point 1. All variables are '~Loe

1F1IKB -.,~natraint condition matrix for bifurcation buckling and vibration, if difterezit fromn IFrX. 3 = 3, 6 corresponds
to the four intege-r-s i-n-clumnsn 18, 24, 30, and 36 above. However, on this card these values are punched in
columns 6. 12. 18, and 24, respectively. Used only if MBOUND 0 0.

ISTOPO .. constraint condition for prevention of ax~symnmetrtc rigid body modes (N r. 0). First 12 columns must be theI ame as one of the constraint condi~tions defined by IFIX. Used only if IRY.GiD 0 0. (See Section 1. 4)

ISTOI-, .. onstraint condition for revention of rigid body modes associated with one circumferential wave (,N lý.50.
First 12 columns mustb tFe sam e as one of the constraint conditions defined by IFD(. Use only if .ec. 1. 0.

P .... prsure? orsuface traction multi ',r. Actual pressure p(s) =P*f(s), in which f(s) is read in later for
EFFc sh~el sgment (see table enttt d "Pressure and Surface Tractions on Shell Segment, ISEG"). This quantity
is associated with "fixed" loads. See Sec. 1. 5. Tbls 1. 2. 1. 3 for further explanation, examples, sign convention.

DP ... pressguylre rurface tractioni!r, multi 11ter, Actual increment = dpi'4) = DP*f(s). With 114DIC =0 or -2
th frs ladtreated is p1-f(s) , th se7 .Ws1-P)*f(s), and so on, up to FMAX*f(s), where FM.AX is de-

fined below. With INDIC = -1 or I , DP is an elgenvalue parameter. See test cases I and 2. Sec. 1. 5, Tbls 1. 2. 1. 3
TEMP -. teprtr ris!e multiplIier. See ex" lanation for P above.
DTEMP .. tmeatr ie inrmnt multiplier. See explanation for DP above,

FSTART .starting v~alue of lgoad multiplier. May represent pressure, temperature or discrete ring thermal or inechani-
axl Line lod See Sec. 1 ,sample rase 3. Effective only if !N'DIC = 0, -2.

FMAX .. maximum vIlu of load multi liar. Effective only if INDIC =0 or -2.
L)F ... load increment mult~ilier, Recor rec t signs for P. DP, TEMP, DTEMP, FSTART, FMAX, DF, not absolute

values,- onf y 'IDIC=0, -2. See Section1. 5.

NMESH .. number of w-mesh points in 15EGth segment, not incluiding fictitious points (max. '8/ segment, total z450).
NTYPEH . 1. Z variable mesh sovacine; 3 = constant mesh sg iacm._
INTVAL . used with YNDIC =3 and INDIC = 4opt o. mer tonal distributions printed out for every D'NTVALth mash point.

NHVALU . number of values of mesh spacing (distance between adjacent w-points) which will be read in. (Max. =50)
IHVALUE mesh point callouts for which spacing is to be given. Spacing will vary linearly between them,! callouts.

IIVALU . mesh POot spi at cllout points. 11VALU(I) = meridional arc length between W(lIHVALU(I)) and (See Fig.
W(DIVALUd) 1).' Eeig. 32. Only relative sizes of spacing required, not absolute values. 32)

q~B -3



SHELL GEOMETRY INPUT PARAMETERS FOR SHELL SEGMENT, ISEG

015 Read NSHAPE, NT.YPEZ, IMP

If NSHAPE 1 0 Read Rl, Zi, R2, Z2

±If NSHAP" 2 0 Read Ri, Z1, R2, Z2, RC, ZC
IV Read SROT

If NSHAPE 3 0 Read ARCLTH 7-

• Read NGVAL
0 Read (IGVAL(I), I = 1, NGVAL )
* Read ( RIN(I), I = 1, NGVAL )
• Read (RDnn(I), I = 1, NGVAL )
* Read (ClIN(I), I = 1, NGVAL )
* Read (C21N~(I) I = 1, NGVAL)
* Read (CIDIN(I), I = 1, NGVAL )

If' NSHAPE = 4 Read NST

If NST = 1 0 Read NRZIN
0 Read (Z(I), R(I), I = 1, NRZIN )

If NST =2 0 Read NRZIN
* Read RSTART, A, B, PHIS, PHIE
0 Read CM, CN

If NST = 3 Read NRZIN
9 Read ALPHA, ROT ""

* Read (DZ(I), R(I), I = 1, NZIN )

If NST = 4 Rlead ZMAX, XMAX, ZA, ZB, ZNUMB, ALPHAT

If NSHAPE 5 Dunmmy geometry subroutine, no cards read.

If IMP / 0 0 Read ITYPE

If ITYPE = 1 0 Read FM, C, FLMIN, FLMAX

If ITYPE = 2 0 Read WO, WLNGTH

If' ITYPE = 3 0 Dummy position, no cards read.

If NTYPEZ 1 6 Read TJZVALU
* Call STA(NZVALU) (See Page B-26 for input data read in from STA )
0 Read (ZVAL(l), I = 1, NZVALU )

If NTYPEZ 2 6 Read ZSURF1, ZSURF2, ZSURF3, ZSURF4, ZSURF5

If NTYPEZ 3 0 Read ZVAL

GeoTctry pajariet±.b ihuvt now been read in for current shell segment,
ISEG - go to 25
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SHELL GEOMETRY INPUT PARAMETERS FOR SH4ELL SEGMENT. ISEG

NSH-APE . .I con o~rcidr 2z a herical Or ova L or trIda aepent ge e
NTYPEZ . *. 1 encs

7  
F ivartable disanerm inr srace -i~Z~~ ce is v.-iitav tnc

from 'inner"r eurfacr', withi variation given by a certain function (ser belowl; 3 =-r-elerence 3iirficc a constant
distance from "inner" surface, See Section 1, Z for definition Of "inner" ourfuce, examples. bee 1-igure714.

IMP.......0 = no imperfection; I = yes impcrfection. (Use I with care, not checked out.)

RI............ radius from axis of revolution to beginning of reference surface (radius of parallel circle of shell) (sce below).
71 ..... ax da-i stia-n-c-fr-om some datum to beginning of reference surface (see below).

RZ ....... radius froma'x-is of revoluttion to end of reference suirface (see below).

ZZ ...... aialdistance Mrom dlatuim to end of reference surface (see below).

RG. ........... radius from axis of revolution- to center of meridional curvature for spherical and ogival and toroidal shells

C ZG.......... axial distance from datum to center of meridional curvature for spherical, ogival, toroidal shells (see below).

SHOT..........+ 1. 0 if direction from (RI, ZI) to (HZ. Z?.) repres-'nts clockwise motion abnut (RG. ZC); - 1. 0 otherwise.

ARC LTH . .. arc ln th of segment,
NGVAL .... ni~l values for which r, r. INH I/fl * and (l/Rj) 'will be read in as input data (maximur.n 50).

IGA...... touts .. ~...~for which' r, r ',. 1) .... 2, and (1i H1) ' will be read in.
fIN.........IlFT122 -~e -circle radius, r, 'at callouts IGVAL.

HOIN......values of derivative of r with respect to arc length s (r ') at the callotit points IGVAL.
CIIN.......meridional curvature 1/H at the callout points IGVAL.I ZIN .. normal circunmferenti~qWIiurvature cI/H2 at the callout points.
CIDIN ......... derivative of meridional curvature with respect to arc length s (I/H1 ) 'at the callout points XGVAL.

NST.........................shape for which cartesian coordinates 3f reference surface will be Riven; 2 =shell with local
~~il~~ ski'V pherical shell with i~g~ec !on at ae;4=toroidal segment with elliti~c rrss-

setion.~~ ib1 and belw for--i iTT~ iaLs teety pes W1 -rshellse gmen ts.

NRZIN........ number of (,Z)pairs or (R, D74 pairs to be read in if NST = I or 3; otherwise number of points for spline
fit (max 100Z

Z (1) .... axial coordinates of reference surface curve. See Filure Z(1)
R (1) ... I.......rathial coordinat-es of reference surface curve. See Figure

RSTART . . . See Figure 33d. L ... R
A ... See Figure 33d. Zz RMI

BI... See Figure .43d.
P141S .... See Figure 33d B R2,Z2 RC ZC
PIIIE'1. ......... See Figure 33d. L

GM......See F'gu re 33d. e

CJN e e e Figure 33d. R'

ALPHA ., See Figure 33d.
ROT ... See Figure 33d. R RIZ R
r) Z(1) .... See Figure 33d.I ()See Figure 33d.

XMAX ..... axa iesio~n of ellipsc- (see Fig. 
3 3 e).

ZMAX .......... axial dimension of ellipse (see Fig. 33e).
3A ... =axx 7o-o-rdinate of be gining of segment (see Fig. 33e) '

71 ... axa cc'nrdinate of en T megment (see Fig. 
3 1c).

'NUJMB .... number of points fo~ij-sline fit. Maximum value = 100, but reconTmend use of no more than 50-7s.

ALPI IAT ... axce5iiis of revolution to point of intersection of major and minor axes, (Si-P atiove figure).

j ITYPE ... I =sinusoidal imperfections with random amplitudes and wavelengths; 2 sinusoidal impcrfcctionq; 3 dummy.

FM ... number of wvlnthe to be included in representation of imperfection.
C............ma imnurl anpli~ad co fimperfectioni.
FLMIN ... iimum h~al-wavc I hnt to be included in representation of imperfection.
FfMAX .... maximumi half-wave engt _to be included in represent~ation of imperfection.

W) amplitd ( of sinnsoidal imperfection.
1VLNGTII . .. 9.UrW,3vZ`cng'-h of sinuisoidal imperfection.

NYA'ALU . .nunibec- of stations for which the distance from shell "inner' surface to reference s'irfa.ce will be specified

Z VA L(l ... distances from shell '"inner'' surface to reference surface, measured normal to the reft-rence atirfac e (See!

3 Fig. 34, Section 1. Z).

7,SUflFI, ZSURFZ, 7.SURF3, ZSURF4, ZSURF5 . .. coefficient'1 in function F Zi + /ýZ2 s7,3 + ZC:szr) ZVAI,

Z VA I.......distance from sh'll "'inner"' lifc o relerence surfacv, mo.'asired nor-n,.l o r,,forenre ,rl ,I p ii~ puiiv(
Tr--er-c surfaoi t li(s 1'tt~~v of inner sturfac,c that is ''to the right'' of the inner stirfac-e ns s increases.I See Figulre 34, discussion and exampleAS ill S(ection 1. .
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DISCRETE RING INPUT PARAMETERS FOP SHELL SEGMENT, ISEG

25 e Read NRINGS I

If NRINGS =O, go tol100

e Read NTYPE ]
If NTYPE =1 e Read (IPOINT(l), 1 1, NRINGS )Ro Srefaere
If NTYPE = 2 a Read (Z(I), I = 1, NRINGS )

If NTYPE = 3 e Read (R(I), I = 1, NRINGS ) RI I
If NTYPE * Read (S(I), I = i, YEINGS )

If NTYPE 5 0Read (THETA(I), I 1, NRINGS ) I
o Read (NTYPER(I), I = 1, NRIGS )

Do 50 1 = 1, NRINGS I
If NTYPER(1) = 0 no data read for current value of do-loop index I

If NTYPER(I) 1 * Read E, A, IY, IX, IXY, El, E2, GJ, RM

If NTYPER(1) = 2 a Read E, A, IS, IN, ISN, ZC, SC, GJ, EM ]

If NTYPER(1) = 3 Do not use this option

If NTYPER(I) 4 0 Read L(1), T(1), L(2), T(2), L(3), T(3), (See Fig. 37) 1
* Read E, U, X1P, Y(l), Y(2), Y(3) (See Fig. 37)
a Read RM

If NTYPER(1) 5 *Same input as for NTYPER(I) = 4, except X,Y axes (Fig. 37) 1
considered to be normal, tangential, respectively, to shell
ref. surface at ring attachment point. I

50 End of do-loop on I

Ring parameters have now been read in for discrete rings associated with 1
current shell segment, ISEG. Go to 100 I

8, Increasing Arc Length

z, Refeence • / y
Surface - Rng C.ntrold

Shell 10Inner[ •J'--X
Surface

Ring -Attochow,.nt •--•-I ' I-
Point ... •• .. '. ,.,

S•$Shell "Outero-
S~Surface
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J1
I DISCRETE RING INPUT PARAMETERS FOR SHELL SEGMENT, ISEG

I
NRINGS ... number of discrete rings. If a discrete ring is located at the juncture between

two segments, it is considered to be attached to the segment with the lowest
identifying number. If line loads are applied at some station, the user must
assume that a discrete ring is located there, even if no ring is present in the
actual structure at that point. Maximum of 20 rings in one segment. MaximumI NTY5Eof 50 rings in entire shell structure.

NTYPE ... •1 = mesh point numbers of discrete ring attachment points to be read in (one
attachment point tor each ring); 2 = axial distances measured from segment
start to ring attachment points to be read in; 3 distances from axis of revo-
luti )n to ring attachment points to be read in; 4 arc Lengths from beginning
of segment ISEG to ring attachment points to be read in; 5 = angles between
axis of revolution and normals to shell reference surface at ring attachment
points to be read in. Note that attachment points are considered to be on the
shell reference surface.

IPOINT ... mesh point numbers of attachment points of discrete rings.
Z ... diah istances measured from segment start to ring attachme'xt points.
R ... • radial distances measured from axis of revolution to ring attachment points.
S . . . arc lengths measured from beginning of segment ISEG to ring attachment points.
THETA •e. a sbetween axis of revolution to ring attachment points, normal to reference

surface.

NTYPER .. 0 = no rings at this station, no cards read (used if line loads present without
discrete ring being present).
1 = principal axes of ring located in x-y directions (x =radial, y =axial).
2=principal axcs of ring located in s-n directions (s = tangential, n=normal
(see Fig. Zi).
3 = do not use this option.
4 = dimensions of rin parts read in. See Fig. 37. X, Y axes normal and
tangential, respectively, to shell axis of revolution.
5 = dimensions of ring parts read in. See Fig. 37. X, Y axes normal and
tangential, respectively, to shell reference surface at attachment point.

U discrete ring Poisson ratio.
E ..... discrete ring elastic modulus.
A ... discrete ring cross-sectionTarea.
Iy ..... moment of inertia about ,-ax-is-(axis in axial direction through ring centroid).
IX ..... moment of inertia about x-axis (axis in radial direction through ring centroid).
IXY .... product of inertiaTr-eative to the x-y axis system,
El ..... radial component of distance from ring attachment point to ring centroid

TFig. " 1).
EZ ..... axial component of distance from ring attachment point to ring cenrroid.
GJ ..... ring shear modulus G times torsion constant J.
RM ring material mass density.

IS ..... moment of inertia about s-axis (axis parallel to reference surface through
ring ceutr of17•.

IN ..... moment of inertia about n-axis (axis normal to reference surface through
ring centroid).

ISN .... roduct of inertia in s-n system.
ZC .... istance from ring centroid to tangent of reference surface at ring attach-

ment point, positive as shown in Fig. 21.
SC ..... distance from ring centroid to normal to reference surface at ring attach-

Int, positive as shown in Fig. 21.
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MECHANICAL LINE LOADS ON SHELL SEGMENT, ISEG

2 00 If (INDIC 4 and IPRE = 0) go to 2000

0 Read LINTYP

If LINTYP = 0 or LINTYP 2, or NRINGS 0,, no mechanical line loads. Go to 300.

If (INDIC = 3 or INDIC = 4) 6 Read NTYPEL

0 Read NLOAD(i), NLOAD(2), NLOAD(3), NLOAD(4)

If (NLOAD(l) = 1) 0 Read (V(I), I = 1, NRINGS)
If (NLOAD(2) = 1) *0Read (s(I), I = 1. NR s)
If (NLOAD(3) = 1) 0 Read (IH(I), I = 1, NINGS)
If (NLOAD(4) = 1) * Read (M(M), I = 1, NRINGS)

If (INDIC = 3 or INDIC = 4 ) Go to 105
• Read NLOAD(l), NLOAD(2), NLOAD(3), NLOAD(4)

If (NLOAD(l) = 1) 0 Read (DV(I), I = 1, NRINGS)
If (NLOAD(2) = 1) 0 Read (DS(I), I = 1, NRINGS)
If (NLOAD(3) = 1) 0 Read (DH(I), I = 1, NRINGS)
If (NLOAD(4) = 1) 0 Read (DM(I), I = I, NRINGS)

Axisymmetric mechanical line loads have now been read in for segment ISEG.
Go to 300.

105 If (NTYPEL = 4) Go to 120

* Read (PLINl(L, ISEG), L = 1, number of harmonics)
* Read (PLIN2(L, ISEG), L = 1, number of harmonics)

Nonsymmetric mechanical line loads have now been read in for segment ISEPG.
Go to 300.

120 Continue

If (NLOAD(l) = 0 and NLOAD(3) = 0 and NLOAD(4) = 0) Go to 330

* Read NX, NOPT, NODD
* Read ( XPLUS(J), J = l, NX )

: If NOPT = 1 @ Read ( YPLUS(J), J = 1, NX )
0 Read (mx.NUS(J), J = 1, NX )

: If NOPT = 2 0 Read ( YPLUS(J), J = 1, NX )
: If NOPT = 3 0 Call GETY(NX, XMINUS, XPLUS, YMINUS, YPLUS) MOW

330 Continue tuS.

If (NLOAD(2) = 0) Go to 350

* Read NX, NOFT, NODD XPLUSM

* Read ( XPLUS(J), J = 1, TIX )

If NOPT = 1 0 Read (YPLUS(J), J = 1, NX)
* Read (YIaNUS(J), J = l, NX)

: If NOPT = 20 Read ( YPLUS(J), J = 1, NX)

: If NOPT = 3 0 Call GETY(NX, XMINUS, XPLUS., YIvINUS, YPLUS)

350 Continue

All data for mechanical line loads in current segment ISEG have been read ii.
Go to 300.
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MECH-ANICAL LINE LOArs ON SHELL sEmmVNT, tSEG

INDIC . analysis type. INDIC -3 corresponds to linear symmetric And nonsymmetric stress Analysis.
INDIC =4 corresponda to lin~ear buc!l-intg with notisymmetric prestress analysis.

:PRE ... I a prestresa calculated in program; 0 =prestress read in from dAta cards. fl'ltE only applie's if INDIC. 4,

L11I4TYP 0 - no line loads of any type, either thermal or mechanical, for this shell segment.
I= Mechanical Line loads only, No thermal Line' Loads, for this shell svigment.

Z-thermal Line loads only, no mechanical line loads, for this shell segment.
7- goth mechanical and thermal line loads present for this shell segment,

NRINGS .. number of discrete rigng in this segment, including "fiCtittous" discrete irings required for those stetiujis
where line loads are applied but no rings actually exist.

NTYPEL. . 3 %,Fouriier a tdes for circumferential distribution of line loads read in, including Axisymmietric har-
mon c. eran' c Load amplitudes correspond to the. ircunmferential wave numbers NSTAI1T to NFI-N in

tIncrements of INCR, where NSTART = starting harmionic, NFIN =ending harmonic, and INCR aincremevnt

4 a line loa am ttudes a t various circumferential stations either read in directly or computed by user-

IMPORTANT NOTE: In each shell segm'nt the Lin-' loads moist be expressible as a product f)'g3,in

which I represents the Ith discrete ring. The series can differ from segment to seg -I ment, but must involve the same circumferential wave numbers, NSTART to NPIN in
s1tepsi of INCR, for all segmarts. The Fourier series for line loads V, 1H, and M must
be identical in a Riven oegmnaat. The Fourier series for S (shear load) may b,' different
(see definitionsp for PLIN1, PLINZ, below). See Section 1. 5,

NLOAD(I) .I =axial line loads V(I) present in this segment; 0 no axial line loads in this segment.
NLOAD(Z) T7 a~ Fear i~nc loads S(1) present in this segment; 0 no ,hear line loads in this segment.
NLOAD(3) Ta -r-aditalline loads H(l) present in this segment; 0 no 77~'a~trTe loads in this segment.
NLOAD(4) L = iemmnsM present in this segment; 0 = no liti momnents In this segment.

V(I) . . . . axial "fixed" or initial line l7ad factor associated with Ith discrete ring. (See Tables 1. 2, 1. 3.
DV(!) . . or inta line load factor associated vith Ith discrete ring. Scnetion, examplersg
H (1) r haria "fixed" o-r initia' line load (actor associated "'ith Ith discrete ring. Sonention, e.xamflrsig

M() "ie"or- initial line moment (actor associated will, Iti, discrete ring, further explanation.

DV(I) axial "variable" line load or line load increment ausociated with Ith discrete ring.
DS (1) 1 sha~r "vTrTariale line load or line load increment associated with lth discrete ring. (Do not use in B305014.
DH (E) ... ra~di~al "v~ar;iabe" line load or line load increment associited with Ith discrete ring.
DM(I) . ."variable" line moment or line moment increment associated with Ith discrete ring.

IMPORTANT NOTlF'S:. I, If INDIC r 3 or INDIC v 4, aCtUdl liue lueds are given by V(lIs'U (0).
S(Ic0 2 8) H l): 1 ( ),M(0)'6 1( 9). in which Gt(e) and GV,() are dlefined below.

2. Line loads are posit.ve as shown in Figure 21, Table 1 .3 Section 1. 5.
3. Line loads are assumied by the program to act at cvntroids of discrete rings.
4. Vith N = 0 or N = :[I circum~ferential waves the user must maike sure either

that the loads applieli are in static equilibrium or that the constraint condi-
tions prevent rigid body deformations. User need not provide input for lineI loads corresponding to reactions which do no work during deformation.

5. "fixed" means a prohlemn parameter that does not change during execuition oýF
a case. 'variable'' meansq an eigenvalue parameter. If INDJIC a4 all1 loads ar'
considered eigenvativi lirtraieters. See Table 1. Z, Section 1. 5

PLINI(L, MSEG) .. circumferential harmonic amplitude factors .or axial, tadial lirne loads and line moments. (See Sec. 1.',
PLINe(l,, ISEG) . .circumferential harmonic amplitude factors for shvar line load. "'"T blIe 1. 2, p g 4- 7)

IMPORTANT NOTES: 1. Maximum number of circumferential harmonics is 20.
Z. Licumferential wave numbers asbociated with theseamplitudes are NSTAIIT

to NFIN in steps 01 INCR. See Section 1. 5.1 3. The various linte loads at the Ith discrete ring and at a circ-imferential statio,.
0 have the forms given by;
N aNFIN

L ano. of harmonics
V(I) LINI(L, ISEG)-'sin(NG) 4 PLINI(L, ISEG)4'cos(N811

Line load = M PLINZ(I,, ISEG)"cos(NG) 4PLINZ(L, ISEG)',sin(Ne) (B 1)
H (1)PLINI(L, ISEG)*simi(N6) + 1-'LINI(L, ISEGi'~cos(NQ)
M (1)PLINI(L, TSEG)`:sin(N ) 4 PLINI(L, ISEG)i'cos(NO)

N NSTART .

6N INCR
L aI positive N negative N

NX . . . .number of circumferential points for data input in range 0 -• XPL(IS(J) s; 'l'HFTAM, where XPLUS(.T) is the Jt1
circumferential point and3 THETAM is the bound on the rang'e of 0. J goes from I to NX. (NX must be less
than 100, greater than 2).

NOPT . . YPLUS(J) and YMINELjT) are going to be readl in; 2aYIL!US J? a;l is going to be read in; 3 -YPLUS(.T)
and YMU'JUSP.) are caiulatc'd from iser-written subroiinFT~T(3 . IiES XPUNORDD . I = function I.L0) is even in range -THETAM <9 ' + TI-IETAM: 2 = function ~ji~is odd;, , function SO
nýeither even n'o~r odd -in rang,' of 0.

Note: Theta-range corresponds to range XMINUS(NX) t., XPLUS(NX) or -THETAWa ý 0 4 TiIETAM. This

rag need not be from -*pi to +ii pi, uit the interval it covers nmust be an integer fraction of the interval - pi to

XPLUS(J) . values of circumferential coordinate in dA,,5 Nee'd not b,- t'v'u'ly spaced and need not cover the entire 0-

range 0 to pi. Range must be an ,ntgegr fcton of pi and XPljUS(NX) must equal 7HETAM. Also, XMINIIS(J)
are generated internaljy and are equal to the ne'gatives of XPIAIS(f), respectively. XI'LIS(l) r 0.

YPLUS(.T) .values of g6O, corresponding to circumferential coordinates XPLUS(J).
YtAIcJUSP.) va u ) corresponding to circumferential coo'rdinate's XNIINUS(J). Note Again that XMINUS(.T) 4

Note: Trhe Fourier coefficients llIANIOALS tX'.) n.ud l'ttINZ(L. ISEU.) in E~q. (HIl) are calculatedq ~by BOSOR4 with, use of the input data NX, NO1'T. . YMINUSQi).
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THE•MAL LINE LOADS ON SHELL SEGMENT., ISM

300 If LIRTYP = 0 or LINTYP = I or DINGS = 0, no thermal line loads.

Go to 500.1

If (INDIC = 3 or INDIC = 4) 0 Read NTYPEL

* Read NLOA1(1), VLOAD(2), NLOADW(3) J
If (NLOAD(1) = ) Read ( TFR(I), I 1, NRINGS)

If (NLOAD(2' = 1)ORead ( T~fl i', I = 1, NRINGS)
If' (NLOAD(3) = 1) * Read (TMRY(I), I 1, NRINGS)

If (INDIC = 3 or INDIC = 4) go to 305 H
0 Read NLOAD(l), NLOAD(2), NOAD(3)

If (NLOADIl1 = 1 9 Read DTNR(I I = 1, NRINGS)

If (NLOAD 2 = 1 Read DTMX I = 1, NRINGS)
If (NLOAD 3 =l1ORead DT1.RY(I I 1, NRINGS)

Axisynmetric thermal line loads have now been read in for segment ISEG.
Go to 500.

305 If (NTY.L = 4) go to 320

* Read (TLIN(L, ISEG), L = 1, number of harmonics)

i'Nonsyminetric thermal line loads have now been read in for segment ISEG.
Go to 500.

320 Continue

If (NILOAD(l) 0 and NLOAD(2) = 0 and NLOAD(3) 0) go to 350

* Read NX, NOPl0, NODD
* Read ( XPLUS(J), J 1, NX )

If N0PT 10 Read (YPLUS(J), J 1, NX )
0 Read (YMINUS(J), J :1, NX )

If NOIT =2 0 Read ( YPLUS(J),. J =1, NX)
If NOFT = 3 0 Call GETY(NX, XMINUS, XýLUS, YMINUS, YPLUS)

350 Continue

All data for thermal line loads in current segment ISEG have now been
read in. Go to 500.
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THE2RMAL LINE LOADS ON SHIELL SEGMENT, ISEG

LINTYP1. .0no line load. f any type, either thermal or mechanical, for this shell seglment
TI - rchnlcoatine loads only.

7 =themal II it loads onl y.
3 =mechaniicakl andthi-ermalii line loads..

NIIINGS .. number of discrete rings in this segment, including "fictitious" ring* required for those stations where
thermal line loads are applied but no actual rings exist.

NTYPEL 3 =Fouri er pamplittuden for circumferential distribution of thermal line loads read in, including Axisynhlle-
tric MOL '. _Ts.t harmonic load amplitudes corresFond to the circumferential wave numbecrs NsTAIIT

to 14FIN in increments of INCR, where NSTART -- starting harmonic, NFIN =ending harmionic, and INCR
increment or decrement In the circumferential wave number between harmonics,

4 -themallin lod apliude atvarouscircumferential statiotis either read in directly or computed

IMPORTANT NOTE: In each shell segment the thermal line loads must be eypressible as a product~i~l'g(G), in which I represents the Ith discrete ring. The series can differ fromi
segment to segment, but must involve the same circumferential wave numbers,
NSTAIIT to NFIN in steps of INCR, for all segments, The Fourier se-ries for
thermal line loads TNB. TMX, and TM.RY rmust be identical in a given Segment. (Set-

Sec. I. 'NLOAD(I) I . ~hrahoop- loads TNR(I) present in this segment; 0 =no thermal h~oo -loads present in this ,vgnient.
NLOAI)(?.). . = I M mmntbu x-axis TMX(I) present in this segment; 0=no t ermial mriments TMX(I) in this

segment.
NLOAI)(3). .I =thermalt morments about y-axis TMRY(l) present in this segment; 0 sno thermal momenrts TMRY(I)

in, tOil segment.'
TNR(I) ... "fixed" or initial thermal line hoop Load in Ith ring. given by: NT - frrdATMP (fNPG

r 3f~ ydArTM 4IIDI
TMX(l) . . . fixed" or initial thermal moment about x-axis (Fig. 21), Ith ring: MT = _J 3r or~d)~TM 4,I'

TMRY(I) " fixed" or initial thermal moment about y-axis (Fig. 21). Ith ring: MT - ( rOid~TMINOTE: TEMP is a multiplie, provided a-l input on one of the earlier cards (see page B-3).

DTNR(I) .. "variable" thermal line hoop Load or increment. Given by s&ame expression as TNR, except multiplie.
is DTEMP..

DTMX(I) '.."variable" thermal moment about x-axis. Given by same expression as TMX, except multiplier is IPTEMP.
DTMRY(I). ."variable" thermal moment about y-axis. Given by same? expression as TMRY, except multipicer is l)Tf'-MI3.

IMAPORTANT NOTES: 1. If INDIC =3 or rNDIC =4, actual thermal line loads are given by
TNR(l)*G1 (e), TMx(I)501 (e), and TMRY(I)hGj(B), in which G1(O) is given
below.

2. "fixed" means a problem patrameter that does not change during ex- ution

load ar conideed igenvalue parameters. See Table 1. 2, Section 1. S.

TLI(L ISG) .circumferential harmonic apitude factrs fr mens() TneX(nvakeMRYam (ec.1.I5NDTabl £1. p 4-7)

TLN(, SE).IMPORTANT NOTES: I. Maximumn number of circumferential harmonics io 20.
2, Circumferential wave numbers associated with these amplitudes are

NSTART to NFIN in steps of INCR. See Section 1. 5.
3. The various thermal line loads at the Ith discrete ring and at a circum-0

ferential station 0 have the forms given by:

L =no. harmonics
STNR(i)jl. TLIN(L, ISEG)g'sin(Nt) 4 TLIN(L, ISl;G)*, o,(Ne)

Themallin lod TX(I 17 TLIN(L, ISEG)*sin(NO) + TLIN(L, ISEG)4,cos(Ne) (132)
TMRY(I Lad TLIN(L., tSFC.Cýsin(N()) 4 TLIN(L, ISEG)*cos(N6)

N = NSTART positive N negative N
AN=INCR

NX .. numher of circumf erentialqpoints for data input in range 0 < XPLUS(J) I THFTAM, where XPLIJS(J) is
the Jill circumfe-rentl pon 7n THETAM is the bound on the range of 6. J goes from I to NX. (NX
must be tless thUn 100 greater than 2).

NOPT . . . I =Y P Li sN_ drY MINUS (J ar e going to be read in: 2 = YPjLpjj3) only is going to be read in; 3 = YPI-IIS(.I)a~INU~TjV rcalulte frmu -wr'itten situbr-aimne-G'7YjNX, XMINLIS, XPLUS, YMINýTY'A1)(
NODD) . . . L ucinge see in range - THETAM 1- 6 - + TIIETAM; 2 =function g(e) Ls odd; 3 = function 2j(t 69)

neither even iior oddl ", range of B.

Nt:Theta-range corresponds; to range XM[NtIS(NX) to XPLUS(NX) or -TIIE'AM ý 6 .. + TIIETAM. This
range need not be from -pi to + pi, but the interval it cov'ers must be All integer traction of the interval
-pi to + pi.

Xl'LLS(J) .. values of circumferential coordinate in degrees. Need nut be evenly spaced and nvee not cover th(. entire
0-range 0 to pi. Range must hec an integer fraction of pi and XPLUS(NX) must equal Tit FTAM. Also,
XMINIJS(J) are generate~d internally aind are equal to the negatives of XPLUS(J). respe'ctively. XPI.US(l) 0.

Yl~LS~i). .vat,,,'. of g6) corresponding to circuimferential coordinates XPLUS(J).

Y MINtJS(J , vsic 0- ) corresponding to circumferential coordinates XMINUS(J). Note again that XMINUS(J)

Note: The Fourier cooffirients TLIN(L, ISFG) in Eq. (B2) are calculated by flOS014 with 'is(,
of the input data NX, NOPY,.YMINIJS(J).
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I
PRESSURE AND SURFACE TRACTIONS ON SHEIL SEGMENT, ISEG

500 0 Read NLTYPE, NPSTAT, NTSTAT, NTGMAD

If NLTYPE = 0 or NLTYPE = 2, no pressure or surface traction. Go to 900.
If NPSTAT = 0 . Read P11, P12, P13, P14, P15 I
If NPSTAT = 0 0 Read P21, P22, P23, P24, P25
If NPSTAT = 0 , Go to 900

If (INDIC = 3 or INDIC = 4) 0 Read NTYPEL !
0 Read NLOAD(1), NLOAD(2), ITLOAD(3)

If (NLOAD(1) = 1) 0 Read (PT(i), I 1, NPSTAT)
If (NLOAD(2) = 1) * Read (PC(I), I = 1, NPSTAT)
If (L0AD(3) = 1) S Read (PN(i), I = 1, NPSTAT)

If ( INDIC • 3 and INDIC / 4) go to 700

If (NTYPEL = 4) go to 520

"* Read (PDIST1(L, ISEG), L 1, number of harmonics)
"* Read (PDIST2(L, ISEG), L 1, number of harmonics)

Go to 700

520 Continue

If (NLOAD(1) 0 0 and NLOAD(3) 0 O) go to 530

* Read RX, NOPT, NODD !.
* Read ( XPLUS(J), J = 1, M,1 )
* If NOPT = 1 0 Read ( YPLUS(J), J = 1, NX )

0 Read (YMINUS(J), J = I, NX )
If NOPT = 2 0 Read ( YPLUS(J), J 1, NX )
If NOPT= 3 6 Call GETY(IMX, XMIINJS, XPLUS, YMINUS, I-PLUS )

530 Continue

If (IiOAD(2) = go to 700Toou

* Read NX, NOPT, NODD Nt4)

* Read ( XPLUS(J), J =1, ml
If NOFT = 1 0 Read ( YPLUS(), J = 1, NIX )

0 Read. (YMINUS(J), J = 1, NX

If NOFT = 2 0 Read ( YPLUS(J), J = 1, NX )
If NOPT = 3 0 Call GETY(NX, XMINUS, XPLUS, YMINUS, YPLUS)

700 0 Call STA(NPSTAT) (See Page B26 for input data read in from STA)

All data for pressure a;id surface tractions on current segment ISEG have
now been read in. Go to 900.
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PRtESSURE AND SURtFACE TRACTIONýi OF SHELL SEGMENT, ISEG

NLTYPE *0 s no distributed thermal or ressure or surface traction load@ in this segment.
p ressure and urcetctions only. No temperature rise distribution in this segment.

= emeratre ise istrbuton olyNo pressure or surface traction on this segment.

5 NPSTAT . numbeofmeh, pints for which pressure and surface traction components will be read in. If INDIC *3 or 4
a LYF - or -, 1PSTAT must be larger than I and less than 50. N'PSTAT a 0 option for use if

NTSTT nube fý a ntefor which temperature rise coefficients TI, TZ, and T3 will be read in. Same discus-
slon pp asapplies to NPSTAT.2

NTRD type othragadetthrough shell wall thickneass; NTGRAD = I... T =TI + T2*e + T3t*z (z is measured

NTORAD = 2 T a TI 4 T2*r T
3  surface pstv

to the right of

NTGRAD = 3 .. T = TI + TZ*exp(i&*T3)

P11, P12. P13, P14, P15 *... coefficien2ts* for f(s) -P11 + PlZ* P13 P4* P15 in which a is tile arc length from beginning of
segment, This function epresenta the normal pressure distribution. Actual pressure aP~f(s) or DP*fjs).
1-ositive to right of increasing arc length, a.

PZI P1, ? 23, P24, P25.. coefficients for f(s) of same form ae. above, but f(s) iii this case refers to the meridional
traction.

F i gciiiiri arm 1qonic. These hrmontic rsueadsraetatu mltdscrepn otec
NTYPEL .3 = Foure a lidea fr c~cmeetal distribution of pressure and surface tractions .ead in, including

cumferential wave numbers NSTART to NFIN in increments of INCR, where NSTART -starting harmonic,
NJ-IN zending harmonic, and INCR = increment or decrement in the circumferential wave number between
harmonics.

4=preassure,!ndrsurface traction ampliltude at various circumferential stations either read in directly or
computd buerwritten 81ubroutinethe devloped into Fourier series internally for circumferential
waves NSTART to NFIN in steps of [NCR.

IMPORTANT NOTE: In each shell segment the pressure and surface tractions must be expressible as a
product f(a)*g(8), in which a is the meridional station. The series can differ from seg-

ment to segment, but muit involve the same circumferentia! wave numbers, NSTART to
NFIN in steps of INCR, for all segments. The Fourier series for press.uie components
PT and PN must be identical in a given segment. The Fourier series for PC may be
different (see definitions for PDISTI, PDISTZI. See Section 1. 5.

NLOAD(I) . I1 meridional surface traction PT(1) present in this segment; 0 =no meridional a irface traction in this segment.
N LOA D(2). T- -Tr-cum~e-ntiat surface traction P0(I) present in this segm-e-nF.t: 0 n ircumferentIal surface traction.
NLOAD(3). I = normal pressur-e PN(I) present in this segment; 0 = no normal pressure present ineti segment.

PT(I meridional surfa~ce traction at Ith caliout point. Positive in direction of increasing arc length, a . (See Sec. 1. 5
Pc(I) . ~ cifr . . l surface traction at Ith callout point. Positive in direction of increasing circ. angle, 0 , Tables

PN(I) ... ap iepositive outward, at Ith ca~lout point. Positive to right of increasing s . 1. 2,1. 3)

IMPORTANT NOTES: 1. If INDIC =3 or INDIC =4, actual pressure and surface tractions are given by
PTiI)4-G1 (O), PC.iI)4-G2 (Gi, and PN(I)*Gl(0), in which GI(O) and GZ(9) are
defined bet ow.

2. With N =0 or N 11 circumferential waves the user must make sure either that
the applied loads are in static equilibrium or that the constraint conditions pre.
vent iigid brdy deformations.

3. If INDIC 0 3 ant; INDIC 04, awtual cornponents-P*PT, P*PC, and PCPN; also
EiPt'PT. DP*PN.

P15ISTl(L, ISEG) .. circumferential harmonic amplitude factors for meridional traction and normal pressure. (Section 1. 5,
PD~T2LISE) .cirumerntial harmonic amplitude factors for circurnfeentiat traction. -al .2 g47)

IMPORTANT NOTES: 1. Maximum number of circumferential harmonics is 20.
2, Circumferential waves associated with these ampý ludes are NSTAI1T to

NFIN In &teps of INCR. Seec Section 1. 5.
3. The suriace tractions and pressure at the Ith caliout point and at a circum-

ferential station 9 have the forms given by;

N zNFIN
L =no. harmonics{ PT(:),$ PDIST1(L, ISEG)*ain(NO) : PDISTI(L., lSE~jl*cos(N0)

Pressure components PC( I) PDISTZ(L, ISEG)*cos(N8)+ PDISTZ(L, ISEG)+sin(NO)

A N =INCR positive N negative N
LI

NX . . . number of circumferential points for data input in range f0 -- XPLTJS(J) - THETAM, where XPLUS(J) is the jth
circumferential p tandTEA is the bound on the range of G. J goes from I to NX. (NX must be less than
100, greater than Z).

NOPT . . . I = YPLUS(J) and YMINJS JJ are going to be read in; 2 =YPLUS ii only is going to be read in; 3 YP4LU5(J) and
YMINUS(3I are!ci F!7u ate rom user -written subrouti-ne-C . -xmiNqus, XPLUS, YMINUS, YT Tpg h-9)

NOD!) I = function g(9) is even In range -THETAM <9 e ;4 TH-ETAM. 2 = function &(G) is odd; 3 ' function g(e) neither
even nor od0irneo .

Naolc: Theta rangc corrcnpond- to rnngc vs.5n!US(SrXi to XPLUS(NX), or *T!!ETPM :e THiETA.-,. -hiz

range need not be from -pi to 4-pi, but the interval it covers must be an integer~ fraction of the interval -pi to
+ p

1
.

XPLUS(J) values of circumferential coordinate in degrees. Need not be evenly spaced and need not cover the entire 8-
ranlge 0toT' R ange must be an integer fraction of pi and XP'tJS(NX) must equal THETAM. Also, XMINtJS(J)
ar# generated internally and are equal to the negatives of XPLUS(J), respectively. XPLUS(I) =0.

Y PLUS (J)i aloes of 8j~ corresponding tn circurnf.:rentlal coordinates XPLUS(J).
YMINUS(J vaX'FLUe bf W1 corresponding to circumferential coordinate& XMINUS(J). Note again that XMINUSi)J

Note: The Fourier coefficients PDISTI(L, ISEG), PLUISTZ)L, ISEG) in Eq. (B-3) are calculated by B0S0Tt4qwith use of the input data NX, NOPT....YMINIIS(J).
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TEMPERATURE DISTRIBUTION IN SHELL SEGMENT, ISEG I

900 If NLTYPE = 0 or NLTYPE = 1, no tiermal. distributed loads. Go to 3000.

If NTSTAT = 0 0 Read Tll, T12, T13, T14, T15
If NTSTAT = 0 0 Read T21, T22, Ta3, T24, T25
If NTSTAT = 0 0 Read T31, T32, T33, T34, T35
If NTSTAT = 0 , go to 3000

If (INDIC = 3 or INDIC = 4) 0 Read NTYPEL

"* Read NLOAD(l), NLOAD(2), NL0AD(3)

If (NLOAD(l) = l 0 Read (T2iI), I = 1, NTSTAT-
If' (NLOAD(2) = 1) 0 Read (T2(I, I = 1, NTSTAT)
If (NLOAD(3) = 1) 0 Read (T3(I), I 1, NTSTAT)

If (INDIC #3 and INDIC /4) go to 970 9'

If (NTYPEL =4) go to 920

"* Read (TDIST(L, ISEG), L i, number of harmonics)

Go to 970 i
920 If (NLOAD((1) = 0 and NLOAD(2) 0 and NLOAD(3) 0) go to 3000

"* Read NX, NOFT, NODD vows"
"* Read ( XPLUS(J), j =, NX ) ""

If NOPT = 1 Read (YPLUS(J), J = 1, NX )
0 Read (YMINUS(J), J = 1, NX )

If N0OP 2 0 Read ( YPLUS(J),, J = 1, NX )
If NORL1 = 3 0 Call GETY(J\]X, XMINUS, XPLUS, YMINUS, YPLUS )

970 0 Call STA(NTSTAT) (See Page B26 for input data read in from STA.)

All data for temperature distribution on current segment ISEG have now been
read in. Go to 3000.

Data for all loads (line and distributed, mechanical and. thermal) have now
been read in for current segment) ISEG.
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'CEMPERATURI DESTRIUTION IN SHELL SEGMENT, lSF)f

NLTYPE ~ ~ ~ ~ ,, 0 odsrbue hra rp>aure or surface traction loads in this segment.
L= no temperature r i %ioninT into segment.

NTSTA'I .or nube tfre~ oi for which temperature rise distribution through thickness is given. If INDIC 3 or 4 and
or , nTUAT must be larger than I and loss than 50, NTSTAT = 0 option for use only if INDIC t0 3

or 4.

TiI, TIZ, TI3. T14, TIS ,.coefficients for TIt!1 = iI + Tl2*sTl
3 + TI45sTlS. with a maeasured from beginning of segment.

Ti(s) appears in te fOrMULAB T i~n the definitton of NTGRAD on the previons page. These formulae (func-
tions of thickness coordinate a) give the temperature rise distribution through the shell wall at a givun station a,

TZI, TZZ, T23, TZ4, T25 . coefficients for T2(@s. which has the same functional form as Ti(s). See definition of NTGRAD
for role of TZ. _________

T31, T32, T33, T34, T35 , coefficients for T31(a), which has the same functional form as Ti(s) and T2(s). See definition of
NTGRAD.-

Nete: The actual temperature distribution i* given by TEMP*T or DTEMP*T. where T depends on NTQRATl,

=ms gven on previous page.

NTYPEL . 3 = Fourier amplitudes for circumferential distribution of temnpe?.ature rise coefficients TI, TZ, and T3 to be
rea n, incluIng axisymmetric harmonic. These harmonic coefficient amptitudes correspona to the circumn-
ferential wave wimbers NSTART to NFIN In increments of INCR, where NSTART -starting harmonic, NFIN
ending harmonic, and L14CR =Increment or decrement in. circumferential wave number between harmonics.

4=temperature rise coefficients T1. TZ. T3 read in for various circumnferential stations or computed by user-
writ en euro-u mne, Wen deveroped Into Fourier series internally for circumferential waves NSTART to NFLN

in steps of UICR,

IMPORTANT NOTE- In each shell segment the temperature rise coefficients must be expressible as a product
f(s)*p(B), in which s is the meridional station. The series can differ from segment to
segment, but must involve the same circumferential wave n~irnbers, NSTART to NFIN

in steps of INCR, for all segments. The Fourier series for all coefficients TI, TZ, and
T3 must be identical in a given segment. See Section 1. S.

NLOAD(I) I = temperature rise coefficient, TI, present in segment; 0 aTI not present in this segment.
NLOAD(2) I = temperature rise co,ýfficient, T2, present in segment; 0 aTZ not present in thia segment.
NLOAD(3) I = temperature rise coefficient, T3. present in segment; 0 -T3 not present in this segment.

TI(t) . . . temperature rise coefficient at Ith mnesh point callout; see formulas for T under def. of NTGRAD. previous page.
TZ(I) . . . temperature rise coefficient at Ills mesh point cailout; see formulas for T under def. of NTGRAD, previous page.
T3(1) ... temperature riot coefficient at Ith mesh point cailout; see formulae for T under def. of NTGRADp previous page.

IMPORITANT NOTES: 1. If (NDIC =3 or INDIC = 4, metual temperature rise coefficients are given by
Tl(I)*G 1(e), TZ(I)*O, (e), and T3(I)*G 1 (B), in which G1(6) is defined below.

2. If fNlIC. 0 3 and IND5IC t 4, actual tempcrature ri te is gIvent by TEMAP*T or
DTEMP*T, where T is a ftsmction of TI, T28 T-1, and a, as shown on previous
page (see NTGRAD).

TDIST(L, ISEG) .. circumferential harmonic amplitude factors for temperature rise coefficientt TI. TZ and T3. (Sec. 1. 5,
IMPORTANT NOTES: I. Maximum number of circumferential harmonics is 20. pg 4-7)

2. Circumferential waves associated with theme amnplitudes are N~START to NFIN
In steps of INCR. See Section 1. 5.

3. The temperature rise coefficionts TI. T2, T3 at the Ith mesh point callout and
at some circumferential station S have the form:

N = NF'IN

T(11() L o fhr-, 'G)*sin(NG) + TDIST(L, ISEG)*com(Ne)
Temperature rioe a T2(I) Qt .)sin(NG) + TDIST(L, ISEG)*cos(NO) 1134)

IT3(l) G0)*sin(Ne) + TDIST(L,, IEG)*coo(NO)
N = NSTA '

LN =U'CRt ittive N negative N

NX . . . number of circumferentiAt points for data input in r&--, s XPLUS(J) I- THETAM, where XPLUS(J) is the Jth
circumtferential poinT a~naTH ETAhi is the bound oi; the rangu of q. J goes from 1Ito NX. (NX must be less

than 100, greater than 2).

NOPT 1 = YPLUSj an.d' YMINIJSIJ) are going to be read in; 2 = YPLUS .1 only is going to be read in; 3YPUS3
Mn arWU e ca cu mtid from user-written sub ro5utn~e_ la" (NX,XItS XPLUS YMN , l 9

NOD!) 1 = function e(8 is even In range -THETAM a 0 !c + THETAM; 2 - function jiDto)i o~dd; 3 function g(9) neither

Note: Theta-range corres.-onds to range XMINUS(NX) to XPLUS(NX) or -THETAM s S + THETAM. Thie
rangi need not be from -pi to +- pi, but the interval it covers must be an integer fraction of the interval -pi to

XPLTJS(J) values of circuniferential coordinate in degrees. Need not be evenly spaced and need not cover the entire 9-

rag op.Ragms ea i tegrafrction of pi and XPLUS(NX) must equal THETAM. Also, XMINUSQj)
;-re generated internally and a~e equal to the negatives of XPLUS(J). respectively. XPLUS(l) = 0.

YPLUS(.T) values of S(8 corresponding to circumferential coordinates XPLUSIJ).
YrMINUSM aJ) s f@ correspanding to circumferential coordinates XMINUS(J). Note again that XMINUS(J)

Natc; T;,, F,-Is ic I f ',eL TD~I(L, LSEG) in Eq. (Bs4) are caicuiateo by BOSOfR4 with
* - use of the input data NX, I'NPT . YMINUS(J).
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PRESTRESS INPUT DATA FOR OPITION INDIC h, IPRE 0
FOR SHELL SEGMENT, ISEG

2000 Continue
ma

If INDIC / 4 , go to 3000

If IPRE /0 , go to 3000 -.

0 Read NSTRES, -RLOAD si

If NSTRES /0 0 Call STA(NSTRES) (See Page B-26 for input data read in "rom STA )

If NSTRES /0 0 Read (NlO(I), I = 1, NSTRES )
* Read (N20(I), I = 1, NSTRES)
0 Read (CHIO(I), I = 1, NSTRES )

If NRLOAD / C 0 Read (IRING(I), I = 1, NRLOAD )
* Read (RLOAD(I), I = 1, NRLOAD )

All data for shell and ring prestress have now been read in for shell:-'egment, ISEG

Go to 3000

- Ring #6s IRING(4)-6

ZtH 
Ring #5 i "Fictitiousm Ring Because

Of Load H

Ring #4: IRING(3)M4
Actual :'

Prelooded

Rings -Ring #3: IRING(2)-3

Ring #2: IRING(I)u2 4
"--Ring "Fictitious" Ring Because Of Load V

I V -,1

B -16 "i
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3 PRESTRESS INPUT DATA FOR OPTION INDIC = 4, IPRE = 0

FOR SHELL SEGMENT, ISEGI
I INDIC ... analysis type: INDIC 4 means buckling with nonsymmetric prestress.

IPRE ... used only with INDIC = 4; 0 z prestress meridional distribution read in.
1 = prestress meridional distribution calculated.

NSTRES number of stations along the meridian in segment ISEG for which prestress
resultants NI0 and N20 and mneridional rotation CHIO will be read in (less
than 50).

NRLOAD . number of discrete rings in entire shell for which prebuckling hoop loads
will be read in. Note that NRLOAD applies to all of the preloaded rings
in the entire shell, an exception to the segment-by-segment handling of
the input data " BOSOR4. This quantity is read in only with data asso-
ciated segme ,i (less than 50).

STA(NSTRES) ... subroutine STA used to find mesh points for which prestress
quantities will be read in. See page B-26.

NI0(I) ... meridional prestress resultant at Ith mesh point callout (positive for
tension). (floating point)

N20(I) ... circumferential prestress resultant at Ith mesh point callout (tension
positive). (floating point)

I, CHIO(I) .. meridional prestress rotation at Ith mesh point callout (positive as shown
-,- Fig. 20).

S IR ING(I) ..... Aex number of discrete ring with hoop prestress RLOAD(I). Indices
for all preloaded discrete rings are read in when ISEG = 1.

RLOAD(I) hoop preload in discrete rings. Tension is positive. Read in data for
all preloaded discrete rings 'in shell when ISEG, the current segment
number equals one.

I Never include cards for IRING or RLOAD if ISEG is greater than 1.

B
|
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SHELL WALL PROPERTIES FOR SHELL SEGMENT, ISEG

3000 Continue

0 Read NWALL

If NWALL = 10 Read SMPA
E * Read C11, C12, C14, C!5, C22, C24

* Read C25, C33, C C45, C55, C66
* Read C36, ANRS

If ANRS / 0 0 Read data as given in TABLE 3

Go to 5000

If NWALL = 2 0 Read E, U, SM, ALPHA, ANRS, SUR

If SUR = -10 Read NTYPET

If NTYPET = 1 S Read NTVALU
* Call STA( NTVALU ) (see page B-26)
* Read (TVAL(I), I = 1, NTVALU )

If NTYFET = 2 0 Read THI, TH2, TH3, TH4, TH5

If NTYPET = 3 S Read TVAL

If ANRS / 00 Read data as given in TABLE 3

Go to 5000

I NWALL = 3 0 Read E, U, T, SM

* Read TH, A, B, H, AK, STFMD

Go to 5000

If NWALL - 4 0 Read EF, EM, UF, UM, AK, ANRS
SRead (T(I), I = 1, AK)

* Read (X(I), I = 1, AK )
* Read (BE(I), I = 1, AK )
* Read (BC(I), I = 1, AK )

* Read (SM(I), I 1 AK )
If ANRS / 0 0Read data as given in TABLE 3

Go to 5000
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SHELL WALL PROPERTIES FOR SHELL SEGMENT, ISEG

NWALL . . = general shell, coefficients Cij read in. Properties constant along s.
2 =rmonocoque shell with variable thickness. Smeired stiffeners may be added.
3 = skew-stiffened shell, constant properties along arc length s.
4 = fiber-wound, layered shell; constant thickness; smeared stiffeners possible.
5 = layered orthotropic; variable thickness; smeared stiffeners possible.
6 = corrugated; properties constant along s; smeared stiffeners possible.
7 = semi-sandwich corrugated; smooth skin variable thickness; smeared
stiffener s.

8 = layered, orthotropic, temperature-dependent material properties;
variable thickness; smeared stiffeners may be added.

SMPA ... shell wall mass/area.
C Cl, C12, etc. ... coefficients of constitutive law given by Eq. (0).
ANRS ... 0, = no smeared rings and stringers to be added; 1.= yes, smeared rings and

stringers. (floakting point number)

E ...... Young's modulus.
U ...... Poisson's ratio. 2 4
SMT. ...... shell wall material mass density (e. g. aluminum . 0002535 lb-sec /in. ).

ALPHA . . shell wall coefficient of thermal expansion.
ANRS .... 0.= no smeared stiffeners; 1.= yes, smeared stiffeners.
SUR .... -=. position of reference surface arbitrary with respect to inner surface.

OX = reference surface is middle surface (thickness = twice z, so no input rcq'd).

z +L= reference surface is "outer" surface (thickness = z, so no input req'd for t).

SNTYPET I = variable thickness; 2 = variable thickness; 3 = constant thickness.
NTVALU . number of mesh point callouts for which thickness will be read in.
STA(NTVALU) .. subroutine STA finds which mesh points thickness input corresponds to.
TVAL(I) .. thickness at Ith mesh point callout. (See Fig. 34.)

THI, THZ, TH3, TH4, TH5 .. coefficients in function thickness -" THI+THZ*s TH 3 +TH 4 4-.sTH5

TVAL ... shell wall thickness, constant for this segment.

SE ...... Young's modulus. (Note: Do not use this
U ...... Poissonis ratio. option for shells with
T . thickness of skin in shell with skew stiffeners. stiffeners on lines of
SM ...... shell wall material mass density. curvature.)
TH ...... angle (degrees) between stiffeners and shell meridian.

3 A ...... stiffener spacing along circumference.
B ...... stiffener thickness (dimension parallel to skin).
H ...... stiffener height.
AK ...... 0. = for "inside" stiffening; 1. = for "outside" stiffening. (floating point number)
STIFMD . stiffener material mass density.

5EF ...... Young's modulus for fibers. (Note: "inner" and "outer" are defined

EM ...... Young's modulus for matrix, precisely in Secticn 1. 2. Please read

UF ...... Poisson's ratio for fibers. that section carefully.)
UM ...... Poisson's ratiD for matrix.
AK ...... number of layers (maximum = 204. (floating point number)
ANRS .... 0. = for no smeared srtiffeners; L.= for smeared stiffeners present.

* T(T) .... thickness of "double-layer"; "inner" layer has index 1, "outer" laycr as index AN,
X(U) .... matrix content by volume of Ith layer.
BE(I) .... winding angle between fiber and meridian (degrees) of Ith layer.
C(I) .... contiguity factor; 0. 2 to 0. 3 is usual range; see JBOSOR4 list.l sM(I) ... mass density of Ith layer (e. g. , aluminum = 000Z535 Ib-sec2/in. 4).
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SHELL WALL PROPERTIES FOR SHELL SEGMENT, ISEG (continued)

Ii NWALL 95 Read WR'.. S, ANRS, TYPET .

If (TYPET 0 0) Read ( T(I), I 1, WRAPS )

OfRead ( G(I), I = 1, WRAPS)a
* Read ( EX(I), I = 1, WRAPS
* Read ( EY(I), I 1 1, WRAPS )

Read ( UxY(I), I = 1, WRAPS
* Read ( SM(1), I = 1, WRAPS )
* Read (ALPHAl(I), I = 1, WRAPS )
* Read (ALPHA2(I), I = 1, WRAPS )

If (TYPET / 0)0 Read NTIN
0 Call STA(NTIN1) (see Page B-26 for input from STA )

If (TYPET 0 O) Do 3100 1 = 1, WRAPS

3100 0 Read (TIN(II). II = 1, ININ

If ANRS / 0 0 Read data as given in TABLE 3

Go to 5000

If NWALL 6 0 Read E, U, ANRS, SMPA

* Read CC, CH, CD, CT, CB

If ANRS / 0 0Read data as given in TABLE 3

Go to 5000

If NWALL 0 70 Read E, U, ANRS, SMPA
0 Read CC, CH,, CD, CT, CB, PHI
* Read ES, US, TS, ANC, TYPET

If TYPET = 0 Go to 3200

If TYPET 1 0 • Read NTYPET

If NTYPET = 1 0 Read NTVALU
* Call STA( hTVALU ) (see page B-26)
* Read (TVAL(I), I I., NTVALU )

If NTYPET = 2 0 Read THI, TH2, TH3, T114, T115

If NTYPET = 3 0 Read TVAL

3200 if ANRS / 0 0 Read data as given in TABLE 3

Go to 5000
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SHELL WALL PaOPERTIES FOR SHELL SEGMENT; ISEG
(Continued)

NWALL 5 = layered orthotropic; variable thickness; smeared stiffeners possible.
6 = corrugated; properties constant along length; smeared stiffeners possible.
7 = semi-sandwich corrugated; variable thickness skin; smeared stiffeners.

WRAPS number of layers (maximum 204. (floating point)
ANRS ... 0% no smeared stiffeners; 1,= yes, smeared stiffeners. (floating point)
TYPET .. Oo= layer thicknesses constant; L= layer thicknesses vary with s. (floating point)
T(1) ... thickness of I1h layer (I = "inner" layer, with "inner" defined in Sec. 1. 2).
G(1) ... shear modulus of Ith layer.
EX(1) ... modulus in meridional direction of Ith layer.
EY(I) ... modulus in circumferential direction of Ith layer.

5 UXY(I) ... Poisson's ratio of Ith layer; EY*UXY = EX*<UYX.
SM(I) ... material mass density of Ith layer (e. g., aluminum = . 0002535 lb-sec2 /in. 4).
ALPHAI(I) thermal expansion coefficient in meridional direction of Ith layer.
ALPHAZ(I) thermal expansion coefficient in circumferential direction of Ith layer.
NTIN . .. number of mesh point callouts for which thicknesses of layers will be read irs.
STA(NTIN) subroutine STA finds which mesh points thickness input corresponds to.
TIN(II) ... thickness of a layer at the 11th mesh point callout.

E ..... Young' s modulus.
U ..... Poisson's ratio.
ANRS .... 0.= no smeared stiffeners; L= yes, smeared stiffeners. (floating point)
SMPA ... shell wall mass/(area of ref. surface).

6 CC ..... dimension shown in Fig.
CH ..... shown in Fig.
CD ..... shown in Fig. C
CT ..... shown in Fig.
CB ... shown in Fig.

E ..... Young's modulus of corrugated material. c-
U ..... Poisson's ratio of corrugated material.
ANRS .... 0.= no smeared stiffeners; 1.= yes, smeared stiffeners. (floating point)
SMPA ... mass/(area of ref. surface).
CC ..... dimension shown in Fig.
CH ..... shown in Fig.
CD ..... shown in Fig.
CT ..... shown in Fig.
CB ..... shown in Fig.
PHI ..... "knockdown" factor for torsicr. constant associated with area enclosed by

7 corrugation and skin. From exp.-rience 0. 3 seems to be a good estimate
for PHL

ES ..... Young's modulus of smooth skin.
US Poisson's ratio of smooth sk.n.
TS ..... thickness of smooth skin (if constant thickness skin is used).
ANC G 0.for "inside" corrugations; 1. for "outside" corrugations. (floating) (see Sec. 1. Z)
TYPET .. 0.for constant thickness smooth skin; l.for variable thickness skin. (floating)

NTYPET . 1 = variable thickness; 2 = variable thickness; 3 = constant thickness.
NTVALU . number of mesh point callouts for which thickness of smooth skin will be read in.
STA(NTVALU) .. subroutine STA finds which mesh points thickness input corresponds to.
TVAL(1) . thickness of smooth skin at Ith mesh point callout, (Fig. 34) TH3
THI, THZ, TH3, TH4, TH5 ... coefficients in function thickness(s)= THI+THZDcs

+ TH4*sTH5 .
TVAL .. thickness of smooth skin which is constant.
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II
SHELL WALL PROPERTIES FOR .HLL SEGMENT, ISEG (continued)

If NWAIL 80 Read WRAPS, ANRS, TYPET N
If (TYPET 0) * Read ( T(I), I = 1, WRAPS ) I
If (TYPET / O) * Read NTIN

0 Call STA(NTIN) (see Page B-26 for input)

If (TYPET / 0) Do 3300 I 1, WRAPS

3300 & Read ( TIN(II), II = 1, NTIN )
0 Read ( SM(I), I = 1, WRAPS )
• Read (NPOINT(I), I = 1, WRAPS )

Do 3400 I = 1, WRAPS

* Read (HEAT(I,K), K 1, NPOINT(I))
* Read ( G(K,I), K 1, NPOINT(I))
* Read (EX(K,I), K 1, NPOINT(I))
* Read (UEY(K,I), K 1, NPOINT(I))
* Read (UXY(K,I), K = 1, NPOINT(I))
*0 Read (Al(K,I), K = 1, INPOI1T(I))
* Read (A2(K,I), K = 1, NPOINT(I))

3400 Continue

If ANRS / 0 0 Read data as given in TABLE 3

Go to 5000

5000 Continue 7

End of data input for current shell segment. If (ISEG = NSEG), all data
for this case have been read in. Data for the next case can be stacked
irmediately.

If (ISEG is less than NSEG) go to 10.
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1 SHELL WALL PROPERTIES FOR SHELL SEGMENT, ISEG
(C ontinued)

NWALL .. 8 layered, orthotropic, temperature-dependent material properties;
variable thickness; smeared rings and stringers may be added.
TEMP MUST BE UNITY FOR THIS CASE.

WRAPS number of layers (maximum = 5. (floating point)
ANRS . 0 0. no smeared stiffeners; l.= yes, smeared stiffeners. (floating point)

TYPET O .0, constant thickness; 1.= variable thickness. (floating point)

T T() .... thickness of Ith layer, with "inner" layer having index I (see Sec 1. 2 for "inner").

NTIN .... number of mesh point callouts for which thicknesses of layers will be read in.

STA(NTIN) subroutine STA finds which mesh points thickness input corresponds to.

T N(II) ... thickness of a layer at the I1th mesh point callout.

SM(I) ... nmass density of Ith layer (e. g. , aluminum =. 0002535 lb-secAn. 4).

NPOINT(I) number of temperature rise values for which properties of Ith layer are giveln.
Maximum of 20 values/layer.

I- EAT(l, K) temperatures above zero - stress temperature for which wall propertics Wf
Ith layer will be read in.

G u(K, I) ... shear moduli of Ith layer at the Kth temperature value, HEAT(I, K).

EX(K, I) . Young's modulus in meridional direction of Ith layer at Kth tcmperature value.

EY(K, I) . Young's modulus in circumferential direction.
UXY(K, I). Poisson's ratio: EY'"UXY = EX"UYX.
AI(K, I) . thermal expansion coefficient in me-idional direction.

A2(K, I) thermal expansion coefficient in circumferential direction.

1 _-_

1W
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TABLE 3 I
"SMEA\RED" STRINGER AND RING PROPERTIES

D]'ita read in if ANRES - I for any of the NWALL o)ptionis

0 Read IRECTI, IRECT2, IVARI, IVARO

If IRECTI = 1 and IVARI 0 O Read N1, K]
• Read El, U], STIFMI)
• Read T-, HI

Go to 4oo0

If IRECT] - I ond IVAR.1 / 0• Read NSTATN, Ni, K]
* Call STA( 1,STATN ) (see page B-26)
* Read El, Ul9 STIFYD I

Do 3500 I = ], NSTATN
3500 0 Read T(I), 11(I)

Go to 400C05

If IRECTI 0 aiid IVARI = 0 S Read NI, KI
* Read El, U1, STIFMD
• Read XS, Al, XIl, XJi

Go to 40"0o

11 IRECT] = 0 and IVARI / 00 Read NSTATN, Ni, Ki-
* Call STA( NSTA-2N ) (see page B-26S)
* Read El, UM, STIIMD1"

Do 3550 I 1, NSTATN
3550 Read X(I), A(I), XI(I), XJ(I)

Go to 4000

4000 Iif IRECTM-' I and IVAR2 0 0 Read K2?
* Read E), U2, RGMD
* Read D2, T2W, 112

Go to 4500

IE IRECT,? a and IVAR $ 0 * Read NRINGS, K2'
"* Cal1 STA( NRINGS ) (see page B-26)
"* Read E2, U2, RGMD

Do 4100 I '-- 1, NRINGS
4100 0 Read D(I), T(I), H(I))

Gu to 450u

If IRECT2 0 and IVAR2 0 0 Read K?-.
* Read Eý), U,, RGýUD
* Read XR, D2, A", XI2, XJ2

Go to 50 0

If, IiRECT -d TIVAY) 0' T

0 Ci l STA( NRINGS ) (see page B-26)
* Rend E2, UL, RGMD

Do 4-o0 I= j- , NRINGS
4200 0 Read X(I), D(I), A(I), XI(I), XJ(I)

Go to 4500

4500 All data for "smeared" stringers and rings have been read in.
B-24



I
I TABLE 3

"SMEARED" STRINGER AND RING PROPERTIES
Data read in if ANRS = I for any o the NWALL options

IIRECTI ... I = stringers have rectangular cross sections, 0 " arbitrary cross sections.SIRECT. I = rings have rectangular cross sections; 0 a arbitrary cross sections.
IVARE ,.. I stringer properties vary with arc length s; 0 a stringer properties constant.

-- IVAR2 .. 1= ring properties vary with arc length s; 0 - ring properties constant.

NI ...... number of stringers in 260 degrees.
KI ...... 0 for "internal" stringers; I for "external" stringers (see Sec. 1. 2 for "inner").

El ...... stringer modulus.
Ul ....... stringer poisson ratio 2 4
STIFMD .. stringer material mass density (e. g. aluminum = . 0002535 lb-sec /in. ).

(n TI ...... stringer thickness (dimension parallel to shell wall) (constant).
HI ...... stringer height (constant).

NSTATN .. number of mesh point stations for which stringer properties will be read in.
STA(NSTATN) .. subroutine STA finds mesh point callouts corresponding to input data.

-T(I) ...... stringer thickness at Ith mesh point callout.
" H(I) ...... stringer height at Ith mesh point callout.

14 XS ...... "distance from neutral axis of stringer to closest shell surface (zonstant).
SAl ...... cross section area of stringer (constant).

XII ...... centroidal moment of inertia of stringer about axis perpendicular to meridian.
XJI ...... torsional constant J of stringer (constant).
SX(I) ...... distance from neutral axis of stringer to closest shell surface at Ith callout.
A(I) ...... cross section area of stringer at Ith mesh point callout.
XI(I) ...... centroidal moment of inertia of stringer at Ith mesh point callout.
XJ(I) ...... torsional constant J of stringer at Ith mesh point callout.

KZ . . . ... 0 for "internal" rings; I for "external" rings (see Sec. 1. 2 for "inner"),

I EZ ...... ring modulus.
U2 ...... ring Poisson's ratio. 2 4
RGMD .... ring material mass density (eg, aluminum . 0002535 lb-sec /in. ).

D2 ...... arc length between adjacent rings (-onstant).
T2 .'..,.. ring thickness (dimension rarallel to shell wall) (constant).
H2 ....... ring height (constant).

I NRINGS ... number of mesh point stations fur which ring properties will be read in.
SSTA(NRINGS) .. subroutine STA finds mesh point callouts corresponding to input data.
SD(I) ..... ;. average ring spacing at Ith mesh point callout.I T(I) ...... average ring thickness at Ith mesh point callout.
0 H (1) ...... average ring height at Ith mesh point callout.

XR ....... distance from neutral axis of ring to closest shell surface (constant).
A2 ....... ring cross section area (conutant).
XIZ ...... ring centroidal moment of inertia about axis parallel to meridian (constant).
XJ ....... ring torsional constant (constant).

X()...... distance from neutral axis of ring to closest shell surface at Ith callout.
A(I)...... average ring cross section area at Ith mesh point callout.
XI(I) ...... average ring centroidal moment of inertia at Ith mesh point callout.

i XJ(1) ...... average ring torsional constant J at Ith mesh point callout.
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INPUT DATA RiEAD) IN FIROM SUBROUTINE STA (NPOlI'T)

O~ead NTYPE

II' NTYPE 1@0 Read (IPOIN'I.(I), 1 1, NP01NT)

If NTYPE- 2 0 Read (Z(I), I = 1, NPOINT

If NTYPE = 3 0 Read (R(I), I = 1, NPOINT

1i' NTYPE = * Read (S(I), I = 1, NPO••i

I!' NTYPE = 6 Read (THTA(I), I = 1, NPOIVT

Note: NPOINT is the number o01 stations for which input data are to be read inl

Z(1) is the axial coordinate of the Ith data element.

R(I) is the radial coordinate of the Ith data element.

S(I) is the length of meridional are from the beginning of the local.
segment to the Ith data element.

THETA(I) is the angle in degrees from the axis of revolution to a normal
through the station corresponding to the Ith data element.

IPOINT(I) Mesh point callouts for which data will be read in.

,TET(4 P Reference Surface

THETA(4 IT IPOINT(5) IT

R 1(4)O 1 IT3) •PIT4 91

IPOINT(2) •4 "

'iPOINT 0 1
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Table 55

INPUT DATA FOR CYLIN~DER UNDER HYDROSTATIC PRESSURE (Fig. 27)

W.ORK SHU1T

IY L NOE- Y RS A I I GuCKLIW4 TITL.E

Rie INDIC.?W~~U?6.

4 (TI"hKe. INO oko. I.w~

it HET(IfI~ ),J.l.6).w0 .00. DOHIN I TMTAwmc. muA
0 00 1;00 ,0 C I(I**X8-J)*.I.60 SI0S) 061111 l)H

.0 0 00 1 t(mx(4,J),a .4,6, 01(s). ME()
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DETAIL CC 55.8oF
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, LINEARLY FROM 0.5 TO
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Calculate first derivative of energy (tloal right- -__
hand side PSI) and second derivative of energy Find global row numbers
(local stiffness matrix BCD) corresponding to m - I2M. JIM. 10, ZIP, 12P
IPfflNT. Contribution of shell strain energy corresponding to IPOINTI
and work done by distributed mechanical and
thermal loads.

OINT Calculate first and second derivatives
correspond YES of energy c~orresponding to the lKth

<to discrete ring ring in the JSEGth segment. Work done

locationby mechanical and thermal line loads.

Calculate local matrix Q1) containingIPOINT "minus"l pato11 CND tcntan
correspond to Y ES Icondition and contributions of the "minus"

location of "rniniue'' part to the local and global right-hand
art of constraint a ide vectors PSI and FNEW and to the I

condition l ocal stifiness matrix BCB.

Fill global stiffness matrix JiB with QI)
or save QD for use in future block.

IPOINTCalcalate local matrix D containing "~plus"
correspond to part of the ICONDZ nd constraint condition

location of "plus" and contributions of the "plus" part to
part of constraint the local and global right-hand side vectors.

cniinFill the global stiffness matrix BB with D. I
? If global row number IR of constraint condi-

tion equals the global row number of the
NO "minus" part QSAVE of a constraint condi-

tion from a previous block, fill BB with

Fill global matrix BB and global right- SValo

hand side FNEW with the local stiff- ICND2 =ICtOND2+
ness matrix BCB and local r-h-s PSI

5! e.- c rx rrg, iocV c~n dz-u,-q or disk, YES Does highest equation number correspond
ILE 0 0 B;.. and s III = 11 + 1. to last equation NGBKP (111) in current

17 Fiuw Chart of S,'hroutine PRESTS. PR ESTS is entered for each 3egrnent 1
of a shell of NSLG segments and fo~r each Newton-Raphsan iteration of A
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Fig. 20 Two-Segment Sh~ell Meridian with Discrete Rings, Discontinuity,
S~and Various quantities Identified
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INPUT REAflIT (K) OUTPUT

K-I K5

j St~~~ead data applicable ~ltO i"tonl hll aemet for this cuae: OUTI,

P~l -rtn d:t moo hnif 1?C)EC - -2 print
prUllm ieyda stability determinant,

11 out 00a &Ilud loadls at load step

Do N .1iNP:V INDIC -I print

If IDIC - - I print pro
Rtead reference surfac buckling displacements anti
geometry an cai.,i:.estesrulas

and Z sod store on drum

buklo moa dslacemeats,
Rtead data for discrete wlgla
rings 1n corrent segment (IUTRUC

ItUDATA

Initilizeloadan1I INDIC - 0 print stressinatialie ladray. am resultan. an/or *A'ssea7ea ERerayfor ru for all load steps

ERiT OUTPRtE

Rtead lods LOnDER boeh~ igad mo
If INDIC - I or 4 print

mehanIcallielaafrNE revus

mtadt era lin loads OTO.OTV1 LINEiD

i If INDIC - 2 print vibration
RStea Pressore Mn surface frequencies aed modes
traction distributions Printi out restI of Inpuit fUTDUtC _

DiIRTP dela. OUTI'd2

If l'INDI 3 print con-
Sta eprture distrib. Aoljet control Intseers 1 Ymmetric ,Presirens in

DiST erause of extra mesh pt. I shell and d cor te rlng.
Added near segment eods. Ifor superposed harmonics

If INDIC-5 and IPRE-O,
Read prestress distcributionr[t n

GETP ST Ot6talo"epl" 'f poI streas matrix for non-honor
prebockling antalysi

Head i.uia for wasll conhtruc- F KILIN
lion of current coagmcci.
Calcolate thermal loads aod

C 11 (constitutive equation) tmlt" flna
and stort on druc, Obtain"tmleofina

ndCm vibration matriyss K t '2360 ~ ~ an FM fd-opo SKILIN

All Input data for correct
case has been read In Stcre, "templates 1W Sabd

ILOC on drum 2
GASP

iwio~ro

Fig. 24(b) Flow Chart of READIT

B-63



Es~ablish loadsI
L OADS

Set up coefficient
matrix a2 Uo/Bq i aq"I

and the "right-hand-
side" - 0i for current
load and Newton-Raphson 4
iteration. Store on drum
in blocks.
APREB

Read coefficient matrix
from drum and factor in
blocks. Store factored
matrix on drum. n v cFACTR If no convergence.

after 10 iterations
reduce load increment

, and try again. If load
Solve the equation system increment too small go

I a2UV/3qt{qj]{jjj} - I-Oil out MNLOAT•

SOL•T E

Test for convergence:
Aqi/q, • 0. 001 for No

1-1, 2, 3,....M Convergence
Co)nvergenceC

Calculate stresses from
displacement vector
PREB

Return lo

Fig. 24(c) Flow Chart of Subroutine PRE
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I
I
I

I~ _

3 Read "template" IW and ILOC
from disk or drum for the
arrays K1 , K2 , K3 , and M

GASRP
I -A•

Ti

Read mesh spacing array, DS
from disk or drum

GASP

Calculate stiffness matrix K1

for shell with "fixed" preloads.
Caklulate also the load vector Q
if INDIC = 3

ASTAB(1)

I Calculate "load-geometric" matrix K

INDIC 2 ~LMIC 3

Caclt "l1ambda -squared"I matrix K(,
Calclate ASTAB(4)

L Calculate mass matrix, M {
I ASTAB(3)

Return

I
Fig. 24(d) Flow Chart of Subroutine ARRAYS
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I

BUCKLE

Same as for INDIC 1 Calculate stability determinant

EBAND FACTR

4 -2
Linear Solution Calculate lowest elgenvalue

K x Q-0- !h'DC -1of the system:2
K1 X Q K1 x + XK 2 x + xK 3  - 0

Calculated ini ARRAYS EIGEN

Calculate lowest NVEC Calculate lowest NV'EC
eigenvalues of the system: eigenvalues of the system:

Klx - a2 Mx = 0. KK1 x + K 2x + x 0

EBAND2 EBAND

Fig. 24(e) Flow Chart of Subroutine BUCKLE
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I
5=• ~MODE £

Recover global equation

numbers for w-points, 1W

If INDIC - 3 establish merldional
coordinates X for which displace-
ments and stresses will be printed

and plotted. IFIND

Do 1000, U 1, NVEC (no, of eigenvectors or soln. vectors)

ReZovr soluition vector for given N _

If INDIC - 3 recover discrete ring
thermal loads for gven N l

ElIf INDIC ie 3 normalize eigenvector

Do 100, 1 - 1, NSEG (no. of shell segments)

Calculate u, v, w and stresses In
ishell and discrý,te rings foi
ith shell segment. If INDIC - 3
superpose the results at prescribed
meridional and circumferential stations.

LOCAL

100 End of do-loop on I

II Store buckling and vlbration modes on drum

S- 1000 End of do--loop on II

If fi
toesuperposed shell stress resultants

or stresses on drum.

F' Z4(f) Flow Chart of Subroutine MODE
B.,. .



). PLOT

Call CAMRAV(P) jl
- If INDIC =3, recover

S• [ ]meridional distributions, ,SMODE
SINDIC 3 and circumferent'ial distribiftions, TMODE

• ~of stress resultants or stresses -
S~and meridional stations; X

GASP "

•: ~If INDIC = 0 or -1 recover prestress
distributions and plot them .

S~PLOfTOP

4-•- Do 140, hK 1, NVEC (no. of eigenvectors/N) -

SPlot buckling or vibration modes
PLOTOP

140 End of do-,loop on K

INDIC 0 Plot meridional distributions for
prescribed number of theta-stations J

PLOTO

Plot circumferential distributions
for prescribed number of meridional
stations. PLOTOP

[ rturn

Fig. 24(g) ,low Chart oit Subroutine PLOT
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Edge is free, except rigid body modes
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f 232 cpsu9 p 306 cps
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I
CDc 6600 OVERLAY STRUCTURE

REC NAME TYPE LENGTH fKSU, flATF

I OVERLAY TEXT 9 554. .. .. .. .. ....... OIa4. o• 4A f 4 ............ . .. ....

.? .MAIN .. ... . . 2Q1 . 53.67 -01/07/72
MAINi PEL 47 Is3T 01/07/72

4 SP100T REL.--. .4-6 __01 /.47/62
5 ELTi REL 31 735i 01/07/7?
6 ELT-3-- -... .. 1 44.. 4-L4,. . 0- .l7,-472
7 GASP REL 233 040i 01/07/72
a URNnM .R EL.- 14 . _7.0; 01/07/72
q FACTR REL 74S 310o 01107172

10 SOLVE REL . . ..46% . 134¶ 011-07/72
11 CHANGE REL 116 067n 01/07/74

12 STIJFSS-.. REL ...... ----- 4 -7,^--- 011/07/72.
13 MATMU3 REL 14? 472; 01/07/72
14 OVtPLAY TEXT .. 2 r064

OVIRLAY(190)

15 REAnIT REL 1246 372ý 01/07/72
16 .MESH . EL ....... 4 -..i -01 07/7 2

17 STA REL 41m I06i 01/07/72
18 TNTFR REL 1,4 106 01/07/7R
19 FINnZ REL Ir6 .I,7ý 01/07/72
20 GETZ REL . 364 - 3434 01/07/72
21 OUTAX PEL 476 '103 01/07/72
22 OVERLAY TEXT .. . ... ... ..

OVERLAY(lo1)

23 RFIRST REL 341 7,2e 01/07/72
24 OUTINI REL 13A4 467ý 01/07/72
25 WRCnN REL 2? 4A6a 01/07/72

26 OVLRLY-Y TEXT- --.....
OVtRLAY(I12)

27 GEOMTQ REL 23? 740n 01/07/72
28 GEUMTY REL 517 1?3- . 01/07/72
-!q GEUM REL 4In 401 01/On7/72
30 IMPERF ..EL...- 0 7.- 0.4-/47.072
31 GEOMI REL 45? 347' 01/07/7?
32 GEOM2 REL 7?7 -S404 01/07/72
33 ARcpRW REL 231 OPS? 01/07/72
34 GEOM3 REL . 517 490X 01/07/72
35 GEUR14 PEL 1204 0066 01/07/72
36 SHELL REL .0... .. ... &61T .G1/a7./72

37 SPLTNF PEL 31; C474 01/07/72
38 SPLICO REL ... 5 . .6 -561 -._ - la T/72.
39 GEOMS REL 621 000i 01/07/72
40 OVERLAY TEXT -....-- -... - .. 66 .

OVERLAY (13)

41 R7L GEL . .... 371 P'177 01/07/72
42 RGLATA REL -... I1). 3204' 01/n7/72
43 ZERnIT REL 34A 141n 01/07/72
44 LOADRE REL 340 _107i 01/07/72

45 LINFLI) REL 44, 6P6; 01/07/72

C-1



HEC NAMF TvPF: LFKGTH rK; , n4TF

4A DISTL PtL 1?4*4 1'nh 01/07/72
47 LOADRO) REL .474 ?;34, 0 1 a 7A-7.2
4A GETFS PEL 12n pnfl, 01/07/72

49 FOUR REL 1170 070i 01/07/'72
50 GETY pEL 113 ~A661 01/n7/'72j
51 FCQEF pLL 345 ,04; 01/07/72

5? OUCIE ng, 7nlT 01/07/72
53 OUTwm PEL ?14- 714A 01/07/7??
54 GE1PST P.EL 4FM il?4 nl,07/7?
SS OVLPLLAY TEXT n4

OVLRLAY C 1 4) I

516 WALLS PEL 21 I3ý- 01/07/72
S7 wALLCF PEL l11~i 776~ 01/07/'72

98 FTNl1~4 PEL ?'A7 ?l1'1 01/07/72
S9 FLJNCT kcL117 0432i 01/07/7?
60 CFt~1 wEL 14An 410' 01/07/72
61 C F t? REL 1 ?3c; ;i7 01/07/72
67 INLORAT EL3P 4 P 7 3 01,07/7? -

63 CF0I3 nEL 6M7 7'7r 01/07/72
64 CFb4 PL.L 131A~ nC'7 01/n7/72
65 CF~c nP.L 163r) 740' 01,07/72
66 CFtb%ý RFL 9g~rl, 1; 01/07/7?
67 CFu7 i4EL 1316 ;1?3r 01/n7/72
6A CFt3Fa :EL 1 7ý 7461 01/07/72
69 STIFF pEL 130- .~ 01/07/72
70 OVLLQI A~Y TEXT

OVLR'LAY Cl ,¶)

71 RFivE PFL 641 >60ý 01/07/7?
72 ZGLORP PEL l7n 262n- 01/07/72
73 oU T 7N; WEL 11 n3 Si2 - 0.1-/0-/72
74 O)UTIL RP.L 4 O c l4fl, 01/07/72
75ITF E 1??. A5?' 01/07/72

76 SK IL Tl ;EL 2 9 pI ~ 01/07/72
77 SOHT REL ;?41 Ap?5' 01;.07/72
7A GEriw PEL ?1? 7?1"? 01/07/72

7 9 GETHLK REL. :374 ;161. 0 1 7
go OVE.PLAY TEXT 24

0 VFRLAY I1o6)

F41 oUTFI111 REL 47 110;' 01/07Y72
4? p out;, oEL 1017 nl9; 01/A7/72
93 OUTNONI REL 1?71 74rT 01/,07/72
84 SUPiFk REL 67c mA4. 01/07/72
Rr. OUTLOr) PLL 3 1 c 4604 01/07,7?
836 OurPPF, REL 37 6- 01/n7/72
87 OUTprUC REL PA4 s7fl- 01/07/72
qP OVEPLAY TEXT ;r,4617

OVtRNLAY C?*O)

90 LOAOS PEL 11A 7??, 01/n7/72
91 UJNLOAIn P.EL 2n6 A74ý 01/07/72
9? OVtPLAY TEXT 7 4A~i

0VtHLAYC?#l_) - -
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I
R EC NAMF TYPE LENGTH CKSU-4 D)ATF:

94 APHES REL 347 i15s 01/07/72
95 --. PR6STS . REL-.... ... 33-A-- 536i 01,107/72
Q9 GETWWP REL 14 noOk 01/07172
97 PGUTR REL -.-.. -36 3". 0110T7/72
9p PGETC REL P43 ro5s 01/07/7?I-9 .-F-I4-P. -E.L 74 A. - *-.01,47/7'j-

100 OVeRL'&Y TEXT 1;064I OV RLAY(?,92 . .-. ..

101 PRE2 REL .- 6n ... 377A 01/07/72
102 PRLR REL 4)6 ?43ý 01/07/72
103 .PLOCAL REL............. 37 1447; 0-1-07/72
104 OVERLAY TEXT

OVLRLAY(3,0)

1i5 ARHAYS REL loo0 7231 01/n7/72
1flG ASTAR PEL 414 c;3 01/n7/72
107 STAIL -. RELP .... -.. .434.r.. 1.01 o07/7-2
108 GETWWfl REL 147 #s51A 01/07/72
109 FILLB REL 206 747i 01/07/7?
110 GEYRI REL 716 •14A 01/07/7?
11l GETC REL 31p 1n7T 01/07/72
112 GETn PLL 33, 1On7T 01/07/72

i113 GETF ýREL 1....... T - - . 415%T 01,007/72
114 GETG PEL 3A5 034A 01/07/72

115 GETP RLL -277 1444 01/07/72
116 GETROT REL 3, 6201, 01/07/72
117 MATMul REL 243 7n2A 01/07/72

I 11A MAtMUI) PEL 241 574A 01/07/72
119 mAt4UA ..REL.------.-
120 RRHtS REL f) 495ý 01/07/72
121 SRHS REL 476 749i 01/07/72
122 OVERLAY TEXT 646;

OVERLAY(40)

123 BU"I!LE REL .. . ... - 0 h.._
124 VEC REL 256 933i 01/07/72
125 ADO REL 2s; 711T 01/07/72
126 OVERLAY TEXT 0 •6i

OVtRLAY(4,1)

127 EBAND2 REL 3126 n70i -01/7/72-
128 ADOU2 REL 171 r,15; 01/07/7?
12q ORTHOP REL . 22; irA• --- 01/07/72

1 13 OVERLAY TEXT ; fn6iO V L R L A Y ( 4 9,P ,) -. . .. . - -.. . .. . . - 1

131 EIGEN REL .... 142i0 ..-.. 1274-.. .01 It7o?/2 7

132 OVERLAY TEXT p OVi- ~OVLRLAY (413) -

133 EBAND REL 3077 417; 01/07/72

13- ORIHO REL 14 577Z 01/07/72
i3c OVERLAY TE.T. . ..-- --- -.. . 7. . 7 .. . .
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HEC NAM~F I ~ FF'(;T"4 fl~j4ATC

130 Mr)UF I -ý1PLA~ 0ýS 7) P n i fl/n7/7f,~
137 M()if iiLL607- 01,/lT,7 / Iý138 1 F i'f 1 L 7 c; n n 1 ,0 77;4I
Ing LOC&L OLL I 7A7 P 0 11n 01 /117/7-ý
140 R T:'J;F PE[L hr, 7 14 n 0I/n7/72
141 SPJst .-AL A 4~ 01 0 7/ 77
142 OVLi ') Y 1 Ex I 747'.

OIVL.ý( 1" A (fOl

143 PLUTIPl n 7 1 r nI 07/7~?
144 PLUT 4 ;-). ~0 1n7 / 7

145 PLUTOP PF L 10 0 1 n7/72

146 E OF *WA7
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I~T UNIVAC 1108 1YAP AND OVERLAY STRUCTURE

* I~8MAPqS ROSORFMrSORR
I MAP 0022-OP/Ig-0q:12 -(0.)

I, SEG MIN

L2. IN MATN

3. IN SYSS*!RLIR$.Pl-OTS

t4, IN SYS%*RLtH6.PLOT$$

SEG LJNKI*,(MN)

6. IN RFAF)ITfGETZFINlrI7

7, SE(l SII*9(LINKI)

A.R IN RTS

CilSEG SL2*,(LINKI)

I (l IN MESH

I? p IN (GEOMFR

13. SFrG GE01*,(SLI)

14. 1 N 6ElM I

1 g1. SEG E2tSI

16. liq GEnM2

17. SEG GE03*9(SLI)

I IR I N G¶FOM3

19. SEG .iEOw*t(SOq)

I20. 1 N n4

I21. SFG 9 A* t S .

2?. 'N GECIM1'

I23. 5r.E.G S[4*.(L-TNKI)

214. 1 N RZLG

26. IN RGDATA

27. SFG ZT*,(SI.,4

C -5



?F ~ ~ lk Z ERCITT

SEC, LD*, (SL4s

30.~ IN N K I~

3u. IN\' WAL t PALL CF CFR I ol'INICT

3c;SFA (fý?*rSL R

3. P N CF1h?

3QS 5F( (4*,(SLr))

14'. IN C P's

4 W I N CF~ H6

4I 'SE 6 L.7*,(LJirI)

4?. 1N (FTV

SEr' SLY*.(St7)~

5i6. SEC SKL.7ti Ll

c -6



S 1 7. SFG SLR*,(LTNKI)

58. 1 N oLJ1PFIN

I I:q, SEG LINIK2*t(MN)

6P, pý PREgLOADSoUNLOAD)

I 1I SFG lP*(LN2

16?. I N PRE I

I IN PRF?

6r,, FG LINK3*@(MN)

664 SFG Q ýl

69. 1 - SU'CKLEI
6q* SF(, SILU1*.(LTNK4)

'7nl, FN ERANV2

t.SEG L29LN4

7? 1 IN E I Gr)

'11SEG LINI<S*9(MN)

Y7SEC, LlNlk6*9(MN)

78. \I PLO T

ADPRFSS LIMITS oolnofo 0l33647 04t00fl 173106h

_SEGMENT LO0AD TAFLE 040000l 04fl?27
INDIRECT LOAD TP'RLE 0l4L230 041196
STARTING ADDRESS O?C?62

IWOPD5 PE(:TmA! I ",7 16 THANK 46663 DRANK

I~C -7



IBANK SEGMENTS nRAWN TO SCALEi 200 WORDS DECIMAL PER DASH

MN (87S2)
- - ---- a------- -------------.------

LINKI* (1704)

'LI* (480)

SL2* (294)

SL3* (1230) -

GF0I* (•P)

- !a

GE03* (=11)

GE09* (UP7)

SL4* (200) ..

RG* (156)

-ZT* (194) -

LD* (2OIS) 3!

GT* (2?2)

SLq (P()47)

CAP* (823)

C;3* (316)

CR4* (612)

CBS* (719)

CB6* (309)

CR7* (612)

CBR* (1203)

SL6* (191)

5L7* (2'6)

ZOI* (703)

SKY* (1603)

SLS* (1759)
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I
1-1NK2* (-

I. I•2. (645)

SLP I* (247) i

S.I41 (1P69F

I LI•SLI* (&844

t I NK 4 L4 ýAI

ISL4 1 1477

CLEOI*((3I)

"" 5L.Pfl * (347)

[ |NK*( (24161

LINK6* ((1)l)

D R AN K 'ýE G M FN T S .OP AW N T O .S C. U1 E : 7 0 01 "w np S rF C f tIA I_ p r.14 O q c

MN i I W A 3A

II ~ ~ ~ ~ INI %11248)I Il Ill

SLI* (63q)

SLIr (70)

0- * 7)

(IEoI* (41)

6iF.0* (234)

ý,Pni* (347)

GF05* (1I16)

ZT* • J

C-9



67* (7S)

'ILS* (799)

CR2* 197?

CRL4* I8

CR7* (261

CFR8* (6S2)

5(.7* ( 10 1

ZOI'* (469)

S.KY* (6?l)

SLF4* (71S6')

St-?I* (7qO)

L I 'K3* ( 29 4 7U)

SL42* (30P)

SYSS*PLI-k%. I EVFL- '-)7
FNrI OP (Ot I ECTIO'1 - 7TTE I I u~i ScP~n.rS,

OF3AC k
FURPI14 (10? I -02/ 1 1 -U9: :1 3
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NEW PLOTTING CAPABILITY IN BOSOR4

The main purpose of Appendix D is to demonstrate an additional plot capability added

to BOSOR4 just before the User's Manual went to press. Figures D-.l through D-7 show

additional plot output corresponding to the test cases given in Appendix A. No additional

input data are required for obtaining this plot output. Figure D-8 shows some plot

output from a new case involving o ring-stiffened cylinder. The purpose of this figure

is to show that portions of the geometry can be selected for expanded plots. However,
in order to obtain expanded plots the user must provide a few additional input control

I parameters which are not given on page B-2 nor defined on page B-3. The affected "cards"

are given below:

SECOND AND THIRD CARDS NOW READ CORRESPONDING INPUT FOR EXPANDED
PLOTSI I

* Read INDIC, NPRT, NLAST, ISTRES, * Read INDIC, NPRT, NLAST, ISTRES,

IPRE IPRE, JPLOT

If (JPLOT. EQ. 0) go to 5

i Read (KPLOT(I),I=1,JPLOT)I Read (LPLOT(I),I=1,JPLOT)

I 5 Continue

* Read NSEG, NCOND, IBOUND, IRIGID e Read NSEG,NCOND,IBOUND,IRIGID

Definitions:

JPLOT ....... quantity of stations at which expanded plots are desired.
(maximum = 20) (With JPLOT = 0 no expanded plots
are given, but the entire undeformed and deformed
geometry are shown.)

KPLOT(I) .... location of the Ith station for which expanded plots
are desired. Example: 001053 denotes Segment #1,
mesh point #53

i LPLOf(I) .... factor by which entire structure should be magnified for
* expanded plotts about the Ith station identified by KPLOT(I).

Example: 000004 denotes a factor of 4.

D



The input data for expanded plots corresponding to Fig. D-8 are:

JPLOT 2

KPLOT(1) = 001022 KPLOT(2) = 002022

LPLOT(I) = 000004 LPLOT(2) = 000008

With these data the 22nd mesh point in . -nt #1 is placed approximately at the
center of the frame and a portion of the struc ,bout that point is plotted, however

much can be fit into the frame given the magnification factor of 4. Then the 22nd mesh
point of Segment #2 is placed in the center of the next frame and a portion of the struc-

ture about that point is plotted, however much can be fit into the frame with the magnifi-
cation factor of 8.

The points shown on the plots are the "energy" points (See Section 6), not the
w-points. The deformed structures are •. ftted by means of a normalization through

which the maximum amplitude of the deformation represents approximately ten percent

of the longest dimension of the structure. Therefore, the user is cautioned not to use

these pictorial represontations for quantitative measurement. Their purpose is, of course,

to give the user a better pi~ysical picture of what is going on and to help him correct

any mistakes in the input data.

Note in Fig. D-4 that the line load H is shown pointing outward, but that the J
displacement w is inward. The reason for this apparent anomaly is that the actual

line load is given as a product of two quantities, H(I) and the circumferential distribution, j
in this case PLIN1(L, 1). In this case PLINI(L, 1) is negative and H(I) is positive.

(See Tables 1.2 and 1.3 for other examples). i

Figure D-12 shows a case of a cylinder with various line loads and moments, both

"fixed" and "variable" (or in this case "initial" and "incremental"). The plots show the I
attachment points of the discrete rings and the locations of the ring centroids, as well as the
directions of the applied loads.
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USE OF BOSOR4 FOR THE ANALYSIS OF COMPLEX PANELS

BOSOR4 can be used for the stress, buckling and vibration analysis of prismatic

structures as well as shells of revolution. Complex panels are an example. Figure D-13

shows examples of two models of corrugated, semi-sandwich panels, one in which the

troughs of the corrugations are considered to be bonded to the flat skin, and tile othie

in which they are riveted, Alternate models, in which the panel is treated as a giant

annulus rather than a giant cylinder, appear in Fig. D-14. In this figure the length L

is the half-wavelength of the buckling pattern in the circumferential direction of the

large annulus. Simple support conditions are imposed at the inner and outer radii of the

giant annulus. The user has no choice as to boundary conditions on the other two cdges,

as these are the classical "simple support" conditions which result from the harmnonic

variation of the. buckling modal displacements around the circumference of the giant

annulus.1
Figures D-9 and D-10 show the semi-sandwich corrugated panels with local

expansions. Note in the case of the riveted panel that parts of the corrugations

"penetrate" parts of the flat sheet, a phenomenon which of course is impossible in

reality. lHowever, if the mode shape in Fig. D-10 is multiplied by minus one, the

right-hand mode shape shown in Fig. D.-14(c) results. This failure is clearly possible.

SFigure D-11 shows buckling modes of an odd-shaped branched column, called the

"NACA-Y". In all of these cascs the structures are submitted to axial compression

J and the INDIC = 4, IPRE = 0 branch of BOSUR4 is used.

I
I
I
I
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